
  

ABSTRACT 

MACKEY, EMILY. Biology of Sex Differences in Mast Cell-Mediated Disease. (Under 
the direction of Dr. Adam Moeser). 
 

 Biological sex plays a prominent role in immune responses. Women exhibit 

greater immune responses that are beneficial against pathogens, but increases their 

susceptibility to chronic inflammatory diseases. Mast cells are critical effector cells of 

the immune system that are crucial for the host response to pathogens, but also play a 

central role in the pathogenesis of many inflammatory conditions including autoimmune 

diseases, chronic pain disorders, and most notably, allergic disorders. In childhood, 

similar sex disparities exist in mast cell-mediated physiologic and pathologic immune 

responses. Therefore, a critical gap in knowledge regarding the developmental origins 

of sex differences in mast cell-associated immune disease must be addressed. 

The objective of this dissertation was to characterize sex differences in the mast 

cell and discover the mechanisms underlying these sex differences with a focus on 

early life sex-biased factors. The results presented reveal female animals exhibited 

greater mast cell disease pathophysiology to immunological and psychological 

stressors. In correlation, mast cells exhibited vastly different sex-specific transcriptomes 

and female mast cells demonstrated an increased capacity to synthesize, store, and 

release granule-associated mast cell mediators. Further, sex differences in mast cell-

mediated disease and mast cell phenotype were observed prior to the onset of puberty. 

An early life mechanism in sex development, the perinatal androgen surge, reduced 

mast cell disease severity and masculinized mast cell phenotype and function. 

Together, these findings demonstrate robust sex differences in the mast cell that 

correlate with sex disparity in susceptibility of diseases and elucidate a major role of 



  

early life androgen programming in establishing sex differences in the mast cell. Future 

understanding of the precise mechanisms by which perinatal androgens impact the 

mast cell could unveil new therapeutic targets to decrease mast cell disease 

susceptibility. 
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Significance of understanding the interaction of biological sex and mast cell-associated 

immune disease 

Biological sex is a risk factor in a number of immune disorders but the mechanisms 

are poorly understood. In many immune-related diseases such as allergy, anaphylaxis, 

and autoimmune diseases, females are at increased risk. However, the sex-biased 

factors that increase vulnerability in females or provide resiliency in males are poorly 

understood. Here, we demonstrate the key to unraveling sex differences in many 

immune-related disorders may lie in the mast cell. Mast cells are hematopoietic-derived 

innate immune cells ubiquitously located in the body, and are potent orchestrators and 

effector cells in the immune response. Moreover, many mast cell-associated disorders 

including irritable bowel syndrome, migraine, chronic pain, allergy/anaphylaxis, and 

autoimmune disease, exhibit a strong sex bias in which females are more susceptible. 

Adult sex hormones may explain some of the underlying causes of sex-biased disease 

responses; however, this is challenged by the fact that sex biases in many mast cell-

associated disorders are evident in prepubertal children. In this dissertation, we 

demonstrate an increased severity of mast cell disease in females linked to inherent sex 

differences in the mast cell transcriptome, phenotype, and functional response. Further, 

we demonstrate that sex differences in mast cell phenotype and immune-related disease 

susceptibility exist prior to the onset of puberty and are established early in life by perinatal 

androgens. These findings provide novel insights for therapeutic targets for mast cell 

disorders with a potential for identifying sex-specific therapies in pediatric and adult 

disease. Discerning how sex and perinatal hormone levels influence immune disease risk 

could also have significant implications in understanding how prenatal and early life 
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stress, and environmental chemical exposures impact immune development and health 

of the offspring.  

A systematic review of sex bias in biomedical research in 2009 found 80% of 

rodent studies across 10 disciplines of biology were only conducted in male animals [1]. 

Despite well-documented sex differences in immune responses, more than 60% of 

studies in the field of immunology did not indicate subject sex [1]. Reporting the sex of 

cells is even more rare [2]. In 2016, the National Institutes of Health implemented a 

policy (NOT-OD-15-102) aimed to address the lack of inclusion of sex as a biological 

variable in preclinical research. The policy requires that grant applicants report their 

plans for the balance of male and female cells and animals in preclinical studies [3]. 

While many consider the inclusion of sex as a biological variable an issue of doing good 

science, others argue it is not practical, affordable, or scientifically just [4, 5]. Here, we 

demonstrate unanticipated robust sex differences between male and female mast cells 

and associated-disease susceptibility with implications for the development of novel 

therapeutics, strengthening the argument to consider sex as a fundamental factor of 

biological influence.  

 

Mast cell biology 

Mast cells are important effector cells of the immune system and play critical 

roles in inflammatory disease. Mast cells were first characterized in 1878 by Paul 

Ehrlich who named them “mastzellen” for their unique “well-fed” appearance in 

reference to their numerous metachromatic granules [6]. Mast cells arise from 

hematopoietic CD34+/CD117+ stem cells that circulate as committed progenitors in 
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blood and populate all tissues, especially at host-environment interfaces such as the 

skin, the lung, and the gut [7]. Mast cells are long-lived cells, able to survive months or 

years, and can proliferate in tissues in response to certain stimuli [7-9]. Mast cells 

complete their maturation and differentiation based on their microenvironment of growth 

factors, notably stem cell factor (SCF) and various interleukins [10]. Mast cells are 

classified into two main subsets based on their tissue distribution. Connective tissue 

mast cells (CTMCs) are located near the vasculature and nerve endings in connective 

tissues and mucosal mast cells (MMCs) are located in the epithelia of the gut and 

respiratory mucosa. In humans, mast cell subtypes are defined by protease content. 

MCT cells contain tryptase and are comparable to MMCs while MCTC cells contain 

chymase and tryptase and are similar to CTMCs [10]. However, this traditional 

classification is likely too simplistic considering MCs exhibit substantial heterogeneity 

and plasticity [11].   

The most distinguishable characteristic of mast cells is the 50-200 electron dense 

granules that occupy the majority of the cytoplasm of mature mast cells [12]. Mast cell 

secretory granules are easily identified by a variety of cationic dyes, including toluidine 

blue, which produce distinctive metachromatic staining [13]. Mature mast cell granules 

contain proteoglycans of the serglycin species in large quantities [14]. 

Glycosaminoglycans (GAGs) species, heparin and chondroitin sulfate, are attached to 

serglycin proteolgycans in the granules [14]. In CTMCs, highly sulfated (anionic) heparin 

GAGs dominant while in MMCs chondroitin sulfate GAGs predominate [15]. This 

structure forms a dense core within the granule that allows for electrostatic interactions 

with other positively charged granule mediators [15]. Biogenesis of secretory granules 
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begins at the trans-Golgi network from small vesicles termed “pro-granules”. Pro-

granules fuse to form immature granules, which mature through acidification dependent 

on vacuolar ATPases [16]. Immune mediators are sorted into granules based on 

mechanisms such as the mannose 6-phosphate system that sorts TNF and lysosomal 

hydrolases into granules and vesicular monoamine transporters that traffic histamine 

into granules [17, 18]. However, the sorting mechanisms for a plethora of other 

preformed granule mediators including biogenic amines, proteases, cytokines, and 

growth factors remain elusive.  

Of the biogenic amines found in mast cell granules, histamine is the earliest and 

most well recognized [6, 19]. Histamine is found in all subtypes of mast cells in all 

species [15]. Histamine has numerous physiologic effects including stimulation of 

afferent nerve cells, stimulation of smooth muscle contraction, and the induction of 

vascular permeability and vasodilation [20]. Serotonin is another biogenic amine found 

in high levels in rodent mast cells, but low levels in human mast cells with a role for 

mast cell-mediated signaling to nerves [21, 22]. In addition, polyamines such as 

spermidine, spermine, and putrescine, are necessary for dense core formation in 

granules and required for storage of histamine and serotonin within granules [23].  

Mast cells contain a variety of proteases of which the serine proteases, tryptase 

and chymase, and the metalloproteinase, carboxypeptidase A3, are specific to mast 

cells [24-26]. Mast cell proteases are expressed in very high amounts with mRNA levels 

reaching that of housekeeping genes and comprising more than 25% of the total protein 

of the mast cell [27, 28]. Human mast cells contain 𝛼 and ß tryptases and one form of 

chymase while murine mast cells contain the chymases, mMCP-1, mMCP-2, mMCP-4 
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(most similar to human form), and mMCP-5 and the tryptases, mMCP-6 and mMCP-7 

[29]. Tryptases cleave proteins at lysine-arginine residues, chymases cleave 

preferentially after aromatic amino acid residues, and carboxypeptidases cleave amino 

acid residues from the C-terminal end of proteins [29]. These proteases can contribute 

to inflammatory responses by degrading tight junction and hemidesmosome proteins 

and inducing cytokine maturation through limited proteolysis leading to immune cell 

recruitment [29]. Conversely, mast cell proteases degrade pro-inflammatory cytokines 

and chemokines and are essential for protection against venoms and toxins [30, 31]. 

Therefore, mast cell proteases can be protective or detrimental in inflammatory 

conditions. Mast cell granules also contain a variety of other non-mast cell specific 

proteases such as cathepsin G, MMP9, caspase 3, granzyme B, and renin [15].  

Mast cell granules contain a variety of lysosomal enzymes that have normal roles 

in lysosomal degradation processes. ß-hexosaminidase is a lysosomal enzyme typically 

used in studies as a marker of mast cell degranulation. However, mast cell ß-

hexosaminidase has been demonstrated to be crucial in defense against bacterial 

infections with direct bactericidal activity [32]. Mast cell granules also contain cathepsin 

B, C, D, E and L [33-35]. Cathepsins process mast cell proteases to their active form 

within granules and thus allow large amounts of active proteases to be rapidly released 

into the extracellular space that have profound protective or detrimental effects on the 

host. 

Additionally, mast cell granules store preformed cytokines and growth factors that 

can be released upon degranulation. Cytokines, TNF-𝛼, IL-4, and TGF-ß, are stored in 

mast cell granules demonstrating pro-inflammatory and anti-inflammatory activities of 
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the cell [36-38]. Further, mast cell granules contain vascular endothelial growth factors 

suggesting pro-angiogenic effects as well as nerve growth factor, implicating interaction 

between mast cells and nerve endings [39, 40]. Mast cells also synthesize a multitude 

of cytokines, chemokines, and lipid mediators upon a variety of stimuli, which 

demonstrates their importance as immune orchestrators.  

 

Mast cell activation 

Mast cells have been most widely recognized for their role in allergic disease and 

therefore the most well-studied mast cell signal transduction pathway is through 

antigen-induced aggregation of IgE-bound high affinity Fc𝜀RI receptors. Fc𝜀RI is 

composed of an IgE-binding 𝛼	subunit, a 𝛽 subunit, and two 𝛾 subunits of which the 

latter contain immunoreceptor tyrosine-based activations motifs (ITAMs). Mast cells and 

basophils are the only two cells that express all four subunits of the Fc𝜀RI receptor [41]. 

Multivalent antigens bind IgE antibodies and crosslink Fc𝜀RI receptors leading to ITAM 

phosphorylation and activation of other tyrosine protein kinases such as Lyn, Syk and 

Fyn. These kinases phosphorylate adaptor proteins followed by activation of 

phospholipase C𝛾 resulting in the production of diacylglycerol (DAG) and inositol-1,4,5-

triphosphate (IP3). IP3 causes the release of calcium from the endoplasmic reticulum 

while DAG activates protein kinase C. Intracellular release of calcium leads to stromal 

interaction molecule 1 (STIM1)-mediated opening of store-operated calcium channels, 

causing the influx of extracellular calcium into the mast cell [42]. Calcium mobilization 

and activation of protein kinase C leads to downstream degranulation events including 

granule translocation towards the plasma membrane along microtubules, granule-
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granule fusion, followed by granule-plasma membrane fusion, which is dependent on 

SNARE machinery [43]. This is referred to as compound exocytosis and occurs in a 

rapid and non-directional manner. Mitogen-activated protein kinase pathways are also 

activated leading to the slower process of de novo synthesis of the proinflammatory 

lipids mediators, prostaglandins and leukotrienes, as well as growth factors, cytokines, 

and chemokines [9].  

Mast cells can be activated by a variety of other ligands including chemokines, 

cytokines (specifically SCF), pathogen-associated molecular patterns, danger signals, 

complement, adenosine, neuropeptides, and physical stimuli [44]. In response to these 

ligands mast cells may newly synthesize cytokines without degranulation such as with 

TLR4 stimulation by LPS or synthesize inflammatory mediators and degranulate such 

as with TLR2 stimulation by peptidoglycan [45]. Further, mast cells release granule-

contained material by piecemeal degranulation, which does not involve compound 

exocytosis, but instead subtle release of granule contents to the extracellular space 

[46]. This subtle activation may be associated with selective mediator release and 

relevant for many inflammatory conditions such as autoimmune and chronic pain 

disorders where overt mast cell degranulation is not always present, but mast cells are 

known to be involved [47].  

 

Physiologic roles of mast cells 

Mast cells are best known for their association with pathologic conditions such as 

allergy and anaphylaxis where aberrant mast cell activation leads to damage of host 

tissues. However, mast cells are indispensable to the host and no humans that lack 
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mast cells have ever been described [48]. Further, mast cell-like cells have been 

described in an early ancestor of vertebrates, Ciona intestinalis, pointing to an ancient 

origin of mast cells (>500 million years ago), well before the development of adaptive 

immunity and therefore IgE-mediated allergy [48]. The fact that mast cells have 

persisted throughout vertebrate evolution reinforces their importance in immune 

responses against infectious diseases, including those by parasites, bacteria, and likely 

viruses. 

 A critical role of mast cells in parasite expulsion has been long studied [49, 50]. 

Intestinal mucosal mast cells (MMCs) increase in number rapidly against certain 

intestinal nematodes and prevention of expansion of MMCs delays parasite clearance 

[51-53]. Mast cells release mediators in response to parasite infection, including 

histamine to increase vascular permeability and smooth muscle contraction to expel 

parasites and proteases that are directly toxic to parasites [54-56]. In addition, mast 

cells orchestrate type 2 immune responses through cytokine secretion and activation of 

type 2 innate lymphoid cells to rid the host of parasites [57-59].  

More recently, the role of mast cells in microbial infections and regulation of 

adaptive immune responses has gained interest. Mast cells are positioned at host-

environment interfaces with a repertoire of receptors ready to react to pathogen 

associated molecular patterns and other signals of infection [44]. Further, mast cells 

have a kinetic advantage over other sentinel immune cells through their ability to 

release a plethora of preformed immune mediators instantaneously at a site of infection. 

Mast cells have been demonstrated to promote clearance of bacteria and prevent 

dissemination of infections in the peritoneum, bladder, lung, gut, and skin [60-64]. 
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Bacterial peritonitis models demonstrated mast cells are necessary for survival and 

rapidly recruit neutrophils to the infection site [60, 65]. During infection, neutrophils are 

recruited by proteases, leukotrienes and de novo synthesized cytokines released from 

mast cells [60, 66-70]. In addition, mast cell IL-4 promotes macrophage killing of 

intracellular bacteria and mast cell TNF𝛼 and histamine promotes macrophage and  

dendritic cell activation [71-73]. Mast cell products enhance dendritic cell trafficking to 

infected sites and from infected sites to draining lymph nodes [74, 75]. Further, 

exocytosed mast cell granules travel to lymph nodes to promote the retention of 

lymphocytes during lymph node hypertrophy, improving the magnitude and specificity of 

the adaptive immune response [75, 76]. Mast cells also bridge innate and adaptive 

immune responses by acting as antigen-presenting cells to CD8+ T cells and more 

recently, MHC class II-dependent antigen presentation by mast cells to CD4+ T cells 

has been demonstrated [77, 78]. Moreover, mast cell activation during vaccination can 

promote protective adaptive immunity and mast cell deficiency leads to reduced 

antibody titers after passive immunization with Escherichia coli [61]. Intriguingly, the use 

of mast cell products in the development of more effective vaccines is now being 

explored.  

The role of mast cells in viral infections is less well-established. Mast cells 

release histamine and cytokines in response to infection with Sendai virus and HIV [79, 

80]. Human mast cells release chemokines in response to an analog of double-stranded 

RNA that are important in natural killer cell chemotaxis [81]. An in vivo model of viral 

peritonitis demonstrated mast cell TLR3 activation led to release of CXCL10 and CCL5 

and recruitment of CD8+ T cells [82]. During viral infections, mast cells are involved in 
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recruitment of immune cells, but further questions remain with regards to other functions 

of mast cells during viral infections.  

Mast cells have a diversity of other physiologic roles. Mast cells have beneficial 

evolutionary roles in detoxification against arthropod and reptile venoms, specifically 

through release of proteases that can degrade toxin peptides [30, 31]. In addition, mast 

cells play a pivotal role in protection from damage induced by ultraviolet radiation [83], 

carcinogenic compounds [84], and foreign bodies [72]. Further, mast cells are critical for 

tissue remodeling including hair follicle cycling [85, 86], bone remodeling [87], and all 

steps of wound healing, including angiogenesis [88, 89]. Mast cells are located near 

nerve endings in multiple tissues and interact with nerves through synaptic-like 

structures [90, 91]. Mast cells can activate nerves through secretion of mediators like 

serotonin, histamine, and tryptases and nerves can activate mast cells through release 

of mediators like substance P and endothelin 1 [92-95]. Further, mast cell-neuron 

interactions are important for maintenance of intestinal homeostasis through regulation 

of permeability, secretion, transport, and motility in the gut [96]. Taken together, mast 

cells have a wide range of physiological functions far beyond pathologic allergic 

responses that make them absolute critical to the host. 

 

Developmental roles of mast cells 

Mast cells are found embryonically in animals and humans and are involved in 

organogenesis. Mast cell precursors are present in the yolk sac beginning on embryonic 

day 9.5 (E9.5) in the mouse and in fetal liver at E11 and skin at E15 prior to bone 

marrow formation on E16.5 demonstrating early hematopoiesis of mast cells is 
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independent of bone marrow stem cells [97, 98]. In fact, adult connective tissue mast 

cells have been demonstrated to be derived from fetal mast cells that arise from erythro-

myeloid progenitors generated in the yolk sac at E8.5 while mucosal mast cells originate 

from fetal hematopoietic stem cells from the aorta, gonads, and mesonephros (AGM) 

region at E9.5 and depend on adult bone marrow stem cells for replacement [99]. Fetal 

mast cells are present in various tissues beginning as early as 16 to 18 weeks of 

gestation in humans [100, 101]. Fetal and neonatal mast cells are an integral part of 

organogenesis established by studies demonstrating mast cell dependent-

vasculogenesis and innervation in the cornea and a role for mast cells in normal 

mammary ductal morphogenesis [102, 103]. Further, mast cells during the perinatal 

period have been implicated in shaping microglia function in the brain and associated 

sexual behavior as adults [104]. Interestingly, male rodents have increased brain mast 

cells and degranulation during early life due to masculinization by perinatal hormones, 

which contributes to physiologic sex differences and possibly sex differences in the risk 

of development of psychiatric and neurological disorders [104].  

 

Pathologic roles of mast cells 

The distinguishing features of mast cells that allow them to respond rapidly to 

threats in the microenvironment positions them to have serious pathological 

consequences upon aberrant activation. Allergy is the most recognized negative 

consequence of mast cell activation and afflicts 20-30% of people worldwide [105]. Mast 

cells are the main effector cell in IgE-mediated allergic reactions. In fact, studies 

conducted by passively transferring IgE antibodies into wild-type mice, mast cell-
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deficient mice, and mast cell knock-in mice demonstrate diverse biologic responses are 

entirely dependent on mast cells including cardiopulmonary collapse in anaphylaxis, 

tissue swelling, fibrin deposition, airway hyperreactivity, and immune cell recruitment [9]. 

Allergies develop when innocuous environmental antigens elicit type 2 immune 

responses through activation of CD4+ T helper type 2 cells that engage B cells to 

produce allergen-specific IgE antibodies [106]. IgE binds to FcεRI receptors on tissue 

mast cells and basophils, which mainly circulate in low numbers in the blood [107] . 

Mast cells are activated upon re-exposure to the allergen, which crosslink FcεRI 

receptors causing a robust release of multiple preformed mediators, referred to as an 

immediate hypersensitivity reaction [106]. These mediators are responsible for 

increasing vascular permeability, smooth muscle contraction, and mucus secretion as 

well as signaling to nerves and recruiting other immune cells, which leads to allergic 

symptoms like redness, swelling, itching, runny nose, and diarrhea [106]. In allergic 

asthma, mast cell mediators cause bronchoconstriction, mucus secretion, and 

respiratory mucosal edema leading to reduced air flow and wheeze [106]. Other allergic 

disorders including allergic rhinitis, eczema, urticaria, and food allergy also manifest 

through IgE-mediated mast cell activation [108]. Further, systemic IgE-mediated mast 

cell activation can result in anaphylaxis, a catastrophic immune response that can 

rapidly lead to death if not treated [108]. Basophils also release mediators in response 

to FcεRI signaling, but play more minor roles in allergic disorders and anaphylaxis [107]. 

Allergic disorders are a result of a hypersensitive immune response directed 

towards harmless antigens, which parallels autoimmune disorders. In autoimmune 

disease, the immune system fails to recognize self from non-self molecules and self-
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reactive lymphocytes are activated by innate immune cells to respond to self-antigens 

[109]. Mast cells are important innate immune cells that play critical roles in 

inflammation and in regulating adaptive immune responses. Further, mast cells have 

been associated with a plethora of autoimmune diseases in humans, including 

Sjogren’s syndrome [110], chronic idiopathic urticaria [111], experimental vasculitis 

[112], rheumatoid and idiopathic arthritis [113, 114], bullous pemphigoid [115], and 

systemic lupus erythematosus [116]. However, most well-studied is the role of mast 

cells in multiple sclerosis (MS), which is a chronic inflammatory disorder of the central 

nervous system characterized by mononuclear cell infiltration of the brain and 

demyelination of neurons. Mast cells are observed within the demyelinated plaques in 

the brains of humans with MS and elevated levels of tryptase are found in the 

cerebrospinal fluid of MS patients [117, 118]. In the rodent model of MS termed 

experimental autoimmune encephalomyelitis (EAE), mast cell deficiency lessened EAE 

severity and specifically, mice lacking mast cell protease MCPT-4 developed less 

severe demyelination [119, 120]. Perivascular mast cells are the source of vasoactive 

and proinflammatory mediators that increase the permeability of the blood brain barrier 

and can recruit immune cells to the brain [121, 122]. Further, administration of a mast 

cell stabilizer to prevent mast cell degranulation reduces severity of EAE [109]. During 

infection and allergy, mast cells orchestrate diverse immune responses including 

immune cell recruitment and activation, which parallels the role of mast cells in 

autoimmune disease and suggest mast cells need to be further studied in autoimmune 

disorders. 
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Mast cell abundance and activity have also been associated with a wide range of 

chronic pain disorders. The interaction between the nervous system and the immune 

system has a central role in maladaptive inflammatory pain processing and mast cells 

are particularly relevant considering their close proximity to neurons. Mast cells secrete 

a variety of mediators such as histamine, serotonin, and cytokines in response to 

chemical, infectious, and allergic challenges that have been demonstrated to evoke pain 

responses [123-126]. Mast cells can cause pain by secreting substances that activate 

and sensitize nociceptor neurons directly, or secrete chemoattractants to recruit other 

immune cells to release pronociceptive factors [126, 127]. Mast cell secretagogue, 

compound 48/80, injected into the paws of mice led to thermal and mechanical plantar 

hyperalgesia that is blocked by a mast cell stabilizer drug and in mast cell-deficient mice 

[128]. Further, blockade of histamine receptors and neutrophil influx after compound 

48/80 mast cell degranulation reduces hyperalgesic responses, demonstrating mast cell 

mediators are responsible for pain responses [128]. Mast cells are also activated in 

response to neuronal stimuli such as substance P, CGRP, CRF, VIP, and NGF, which 

perpetuates the cycle of inflammatory pain [129-131]. Several chronic pain disorders in 

humans demonstrate increased mast cell degranulation in tissues including interstitial 

cystitis [132], vulvodynia [133] , fibromyalgia [134], endometriosis [135], migraine [136] 

and irritable bowel syndrome (IBS) [131, 137]. Not only are mast cells more likely to be 

degranulated in IBS, but also activated mast cells in IBS patients are 3 times more likely 

to be found within 5 µm of nerve fibers [138]. Animal models have demonstrated mast 

cell serotonin, histamine, and tryptase contribute to IBS pathology through increasing 

intestinal neuron excitability and mesenteric sensory nerve activity [139, 140]. Similarly, 
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animal models of migraine demonstrate mast cell degranulation increases excitation of 

meningeal and trigeminal nerve nociception [127, 141]. In addition, chronic pain 

disorders are induced or worsened by stress [142]. Mast cells are adorned with stress 

receptors, corticotropin releasing factor receptors 1 and 2, and are activated by 

exposure of diverse stressors, which is likely involved in the pathology of these chronic 

pain disorders [143].  

Mast cells have also been implicated in a variety of other pathologic conditions. 

An accumulation of mast cells are typically found in many rodent and human tumors, 

but mast cells have been implicated in both promoting or protecting from tumor 

progression depending on the type of cancer [144-146]. Cardiac mast cells have been 

implicated in the development of atherosclerosis, coronary inflammation, and cardiac 

ischemia [147]. Brain mast cells have been implicated in both reducing and increasing 

anxiety-like behaviors in rodents [148]. The strategic location of mast cells next to 

vessels and nerves and at host-environment interfaces as well as the plethora of 

immune mediators they contain positions them to be involved in a variety of pathologic 

conditions.  

 

Mast cell disease models 

Experimental approaches that selectively ablate mast cells in vivo are important 

to identify the contribution of mast cells in physiologic and pathologic conditions. Mice 

that have mutations at both alleles of the dominant white spotting (W) locus (i.e. c-kit 

gene) exhibit reduced c-kit tyrosine-dependent signaling causing mast cell deficiency 

and have been used to analyze the function of mast cells in vivo for many years [10]. 
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The WBB6F1-KitW/W-v mouse is the longest established mast cell-deficient mouse that 

have no detectable mast cells in multiple anatomical sites and less than 1% of skin mast 

cells. However, these mice exhibit many other phenotypic abnormalities such as 

anemia, sterility, lack of interstitial cells of Cajal as well as reduced intestinal 

intraepithelial lymphocytes, neutrophils, and basophils [149]. C57BL/6-KitW-sh/W-sh mice 

are mast cell-deficient mice that have an inversion mutation in the transcriptional 

regulatory elements upstream of the c-kit transcription start site on mouse chromosome 

5 [150]. KitW-sh/W-sh mice exhibit profound mast cell deficiency in multiple anatomic sites 

with fewer abnormalities, although still lack interstitial cells of Cajal and have increased 

neutrophils and basophils [149]. KitW-sh/W-sh mice can be successfully transplanted with 

intravenous, intraperitoneal or intradermal bone marrow-derived mast cell (BMMC) 

injection to create a “mast cell knock-in mice” to further elucidate their roles in biological 

responses [151]. However, the route and number of BMMCs injected determines the 

anatomical distribution and engraftment rates in the mast cell knock-in mice, which are 

often reduced and injection site specific compared to corresponding wildtype mice [151].  

More recently, models of mast cell deficiency unrelated to c-kit abnormalities 

have been developed. Most of these models generate mice in which Cre-recombinase 

is expressed under the control of promoters that are thought to be mast cell-specific 

(MCPT5 and CPA3) to produce mice with constitutive deficiencies in mast cells [152-

154]. However, these models also have drawbacks including deletion of only connective 

tissue mast cells or severe reductions in basophils [149] . Moreover, there are inducible 

models of mast cell deficiency utilizing diphtheria toxin and mutant mice with deletion of 
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specific mast cell products (reviewed in [149]). These models are beneficial new tools 

for investigating the in vivo role of mast cells in biologic responses.  

 

Sex bias in epidemiology of mast cell-mediated physiology and disease 

As stated, mast cells are critical effector cells of the innate immune system that 

play important roles in protection from infection and orchestrating adaptive immune 

responses. In general, males are more susceptible to infection from a diverse set of 

pathogens than females [155]. For example, males have increased prevalence of viral 

infections from HIV, influenza, and hepatitis B and bacterial infections including 

tuberculosis, legionellosis, and campylobacter [155]. In parallel, antibody responses to 

bacterial and viral vaccines, including influenza and hepatitis B, are higher in females 

than males [156]. Further, a comprehensive review of parasitic infections in relation to 

sex demonstrated that 46 out of 53 (86.8%) parasite species (protozoa, nematodes, 

trematodes, and cestodes) had higher infection rates in males for a variety of species 

[157]. Not only are sex differences in infection rates and vaccine responses found in 

adults, but also the sex disparity is demonstrated in children. Newborn male children are 

more vulnerable to infections and are more likely to die than female children [158]. 

Further, male children under the age of five have higher rates of protozoan, trematode, 

and nematode infections [159]. Female children before the onset of puberty also have 

greater antibody responses to many vaccines (hepatitis B, diphtheria, pertussis, 

pneumococcal, rabies, measles and RTS,S against malaria) [156]. Therefore, females 

have heightened immunity to pathogens and vaccines throughout life and we 
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hypothesize sexually dimorphic mechanisms involving the mast cell may be partly 

responsible for this difference.  

There are an increasing number of clinical and epidemiologic studies 

demonstrating sex biases in mast cell-associated disorders with females having 

increased prevalence and severity of disease (Table 1). This has been demonstrated in 

many classically associated mast cell disorders such as allergy, anaphylaxis, and 

asthma [160-163]. Similarly, mast cell-associated autoimmune diseases such as 

multiple sclerosis [164] and rheumatoid arthritis [165] occur more frequently in females. 

In fact, out of the 10% of the world’s population affected with autoimmune diseases, 

80% are women [166]. In addition, chronic pain disorders with involvement of mast cells 

such as irritable bowel syndrome [167], migraine [168, 169], interstitial cystitis [170, 

171], and fibromyalgia [172] occur much more frequently in women (more than 80% of 

cases) [173]. Further, a number of common chronic pain disorders can only occur in 

women such as vulvodynia and endometriosis, both of which involve mast cell 

degranulation [133, 135]. Sex disparity in mast cell-mediated disease has largely been 

attributed to the influence of adult sex hormones. However, many mast cell-mediated 

diseases exhibit a female predominance in childhood such as eczema [174], food 

allergy [175, 176], autoimmune disease [166], irritable bowel syndrome [177], migraine 

[178, 179], fibromyalgia [180], interstitial cystitis [181], and general chronic pain [182, 

183]. Further, sex-specific childhood prevalence rates of asthma have changed 

between 1989-2004 moving from male-biased prevalence to no sex difference while 

eczema and hay fever prevalence changed from male bias to female bias [184]. This 

shift could be attributed to factors enhancing expression of atopy only in female children 
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or a decrease in the established bias by health professionals to more readily diagnose 

male children with atopy [184]. Together, females are more susceptible to developing 

mast cell-mediated disease throughout life and therefore sex-biased factors in 

pathogenesis are likely involved. 

 

Mechanisms of sex development 

Sexual differentiation is the process by which the body is made male or female 

and involves gonadal sex hormones and other factors such as genetic contributions. 

Regarding gonadal hormones, there are two main developmental phases called the 

organizational phase and the activational phase. During the organizational phase, male 

testes secrete gonadal androgens (testosterone and dihydrotestosterone) prenatally 

and early into the postnatal period to induce permanent masculinizing effects via 

binding to androgen receptors. Further, testosterone can be converted in cells to 

estradiol via the aromatase enzyme to drive defeminizing effects via estrogen receptors. 

In contrast to males, sexual differentiation in females during the organizational period 

occurs in the absence of the androgen surge and is thought to be largely independent of 

gonadal hormones since the ovaries are quiescent until puberty. These early events 

orchestrated by testicular hormones acting in tissues and cells as androgens and/or 

estrogens organize many systems in the body to become male that later respond to 

gonadal hormones during the activational phase in adulthood. In this later phase, the 

rising levels of gonadal sex hormones from the testes and ovaries regulate the function 

of these previously organized systems [185].   
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Sex chromosome complement also plays an important role in sex-specific 

development of the body. Sex determination begins in the male and female zygote 

where an inherent imbalance of genes encoded by heteromorphic sex chromosomes 

(XX vs XY) influence gonadal development. Most notably, in the male zygote the Y-

linked gene Sry induces a series of cellular and molecular events that lead to the 

formation of testes. In the absence of Sry, ovaries develop in the XX female zygote 

through an active, albeit less understood series of events. Sex determination of the 

gonads based on sex chromosomes leads to lifelong sex differences in the secretion of 

sex steroid hormones. In mammals, sex hormones have been shown to be the major 

player in determining sex differences in body plan and function although some evidence 

does support direct effects of sex chromosomes demonstrated by the “four core 

genotypes” mouse model, which allows for dissociation of sex hormones and sex 

chromosomes [186]. 

 

Influence of sex hormones on mast cells 

Sex hormones, specifically testosterone, estrogen, and progesterone, occur in 

different concentrations between the sexes, with males typically having greater levels of 

testosterone and females often having greater levels of estrogen and progesterone at 

reproductive ages. Concentrations of sex hormones also differ between the sexes 

during perinatal development where males experience a testosterone surge without a 

corresponding hormone surge in females. The female sex hormones, estrogen and 

progesterone, have been suggested to enhance mast cell-mediated disease. Symptoms 

of asthma and irritable bowel syndrome have been demonstrated to fluctuate with the 
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menstrual cycle, suggesting involvement of estrogen and progesterone [187, 188] 

Visceral pain sensitivity to colorectal distension is increased in rats during estrus and 

proestrus, when estrogen levels are high [189]. Further, ovariectomy reduced allergic 

airway inflammation and anaphylactic hypothermia responses in rodents [190, 191]. 

Estrogen and progesterone receptors are found on human and rodent mast cells and 

female sex hormones can influence mast cell behavior [192-194]. In rodents, density of 

mast cells has been demonstrated to fluctuate with the estrous cycle in the dura mater, 

mammary gland, ovary, and uterus, but not in the jejunum or colon [195-198]. Further, 

exogenous estrogen application increased numbers of mast cells in the dura mater, 

uterus, and mammary gland, but not in the jejunum or colon [193, 195, 197, 198]. Mast 

cell degranulation was not influenced by the estrous cycle or exogenous estrogen in the 

dura mater. However, mast cell degranulation was reduced in the ovary and uterus 

during estrus, when estrogen levels are high [196]. In addition, ovariectomy reduced 

mast cell degranulation in response to substance P in the jejunum, but increased mast 

cell degranulation in response to substance P in the colon [197]. Generally, estrogen 

seems to increase mast cell numbers in certain tissues without a clear role in mast cell 

degranulation in vivo.  

In vitro studies demonstrate exogenous estrogen administration slightly induces 

degranulation (~5%) in the RBL-2H3 rodent mast cell line, HMC-1 human mast cell line, 

primary BMMCs, and rat peritoneal mast cells [192]. Similarly, environmental estrogens 

induce minor degranulation responses in HMC-1 cells and BMMCs [199]. Mast cell 

degranulation in response to estrogens is through a membrane-associated form of 

estrogen receptor 𝛼, not the nuclear receptor [192]. However, a more recent study 
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showed no effect of exogenous estrogen on mast cell degranulation in HMC-1 cells 

[200]. HMC-1 cells exposed to high doses of estrogen had reduced secretion of TNF𝛼, 

IL-6, and IL-1ß after ionophore stimulus [201]. High doses of progesterone caused 

minor mast cell degranulation in HMC-1 cells [193]. However, progesterone inhibited 

mast cell degranulation of rat peritoneal mast cells stimulated with substance P [202]. 

Interestingly, low doses of estradiol and progesterone increased histamine release (~5 

%) in female rat peritoneal mast cells, but had no effect on male rat peritoneal mast 

cells [203]. Together, female sex hormones have modest effects on in vitro mast cell 

activation in a sex-specific manner.  

The influence of testosterone on mast cell activity has been evaluated to a lesser 

extent. However, a recent meta-analysis analyzing immune function outcomes in 

experimental models after manipulation of sex hormones (122 studies) found 

testosterone had a medium immunosuppressive effect on immune function, while 

estrogen had no effect on immune function overall [204]. In line with this, animal models 

of parasitism demonstrated orchidectomy increases clearance of helminths, while 

ovariectomy had no effect [205]. Furthermore, testosterone administration in female 

rodents decreased their ability to expel intestinal parasites [206]. Conversely, 

testosterone is protective in models of asthma and autoimmune disease. Castrated 

male mice exhibited enhanced IL-33 mediated lung inflammation, which was attributed 

to testosterone reducing the innate lymphoid cell 2 (ILC2) population, but the role of 

mast cells was not evaluated [207]. Human and rodent mast cells have androgen 

receptors, but HMC-1 cells do not degranulate in response to testosterone [200, 208]. 

However, female rat peritoneal mast cells have minor degranulation responses to 
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stimulus with low doses of testosterone and dihydrotestosterone, while male rat 

peritoneal mast cells have no responses [203]. In an experimental autoimmune 

encephalitis (EAE) model, testosterone activated IL-33 secretion from male BMMCs 

only. Further, BMMC cytokine synthesis to IgE-DNP stimulus was sexually dimorphic 

with male BMMCs upregulating Il33 while female BMMCs upregulated Il1ß and Tnf. In 

this study, it is postulated that during EAE, testosterone activates male mast cells to 

release IL-33 causing protective ILC2s to accumulate in the central nervous system 

while in the absence of testosterone female mast cells release inflammatory IL-1ß and 

TNF𝛼 leading to a Th-17-dominated anti-myelin response and worsened disease [208]. 

These studies suggest testosterone has an effect on mast cell activation and 

furthermore, mast cells exhibit sexually dimorphic activation patterns.  

The effect of perinatal hormones on mast cell behavior is markedly less studied. 

As previously stated, males undergo a perinatal androgen surge to masculinize and 

defeminize tissues with no corresponding sex hormone surge in females. A recent study 

demonstrated that male rodents have higher numbers of mast cells in their brain during 

the perinatal androgen surge [104]. Further, a masculinizing dose of estradiol 

(metabolite of testosterone) in females during the perinatal period increased mast cell 

number and degranulation to the level of males, leading to male-typical synaptic 

patterning in the brain and masculinization of adult sex behavior [104]. Therefore, the 

influence of perinatal hormones on mast cell behavior had profound effects on brain 

sexual differentiation that led to permanent changes in behavior. 
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Perinatal sex hormones and early life programming 

Sex hormones early in development affect sexual differentiation in a permanent 

and organizational manner that is most well-studied in sexual organs and the brain. In 

humans, the Leydig cells of the testes begin to synthesize and secrete testosterone at 

the sixth week of gestation [209]. Testosterone reaches target cells in a paracrine and 

wider-reaching endocrine fashion [209]. Within target cells testosterone can be 

converted to the androgen, dihydrotestosterone, by 5𝛼-reductase and also estradiol via 

aromatase, or remain as testosterone [209]. Dihydrotestosterone induces the formation 

of the prostate as well as the differentiation of urogenital swellings, the genital tubercle, 

and the urethral folds into the penis and scrotum [210]. Testosterone stabilizes the 

Wolffian ducts to develop into the epididymis, vas deferens, and seminal vesicles [210]. 

Estradiol is responsible for masculinizing and defeminizing the developing brain in male 

rodents, but in humans and non-human primates masculinization of the brain relies 

more heavily on androgen signaling [211]. Androgens and estrogens act through their 

respective receptors expressed by both sexes in development. However, females lack 

the surge of testosterone and consequently the genital tubercle develops into a clitoris 

and the urogenital swellings into the labia majora [212]. In rodents, androgenization of 

the genitalia occurs during a “masculinization programming window” between 

embryonic day 15.5 and 17.5 [213]. During this period, male rodents treated with the 

potent anti-androgen, flutamide, develop female genitalia and female rodents treated 

with testosterone propionate will develop external genitalia more similar to males [213]. 

Similarly, humans with disorders of sex development such as females with congenital 

adrenal hyperplasia, characterized by male levels of androgens during embryogenesis, 
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develop male external genitalia [214]. In the early postnatal period, male rodents (1 wk 

postnatal) and humans (6 mo postnatal) continue to have elevated sex hormones that 

have permanent or temporary effects on organ function including the brain [215, 216].  

Perinatal sex hormones have direct effects on target cells through regulation of 

gene transcription. Sex hormones bind to nuclear receptors that dimerize and dock at 

hormone response elements on gene promoters. Androgens and estrogens can both 

bind to the same hormone responsive elements on the target DNA sequence, but also 

have specific androgen responsive elements and estrogen responsive elements. 

Binding to gene promoters attracts cofactors that form transcriptional complexes to 

regulate gene transcription [209]. Interestingly, many coregulators have inherent histone 

acetyltransferase and methyltransferase activity which can alter the epigenetic state of 

the genome and change gene expression [217]. These epigenetic marks to histones or 

DNA can have long-lasting impacts on gene expression that permanently influence the 

function and phenotype of cells [217]. Testosterone can induce sexually dimorphic 

histone modifications during the perinatal period that have long-lasting, sex-specific 

effects on neurons [218]. Further, DNA methyltransferase activity in the brain was found 

to be higher in females, but reversed with a masculinizing dose of estradiol during the 

perinatal period, suggesting DNA methylation may also be impacted by perinatal sex 

hormones [219]. Therefore, the perinatal androgen surge leads to a fixed program of 

gene expression in target cells throughout life, which controls that function and 

phenotype of that cell. While this has been demonstrated in cells of sexual organs and 

the brain, less attention has been placed on the programming of immune cells by 

perinatal sex hormones.  
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Perinatal sex hormones impact on immunity 

Perinatal fixed androgen programming was demonstrated in the transcriptome of 

human blood leukocytes from XY-males with defective androgen biosynthesis 

(congenital adrenal insufficiency), XX females with high embryonic androgen levels 

(congenital adrenal hyperplasia), normal XY-males and normal XX-females. 157 sex-

specific transcripts were found between normal male and female leukocytes, 11 of 

which were X and Y-linked transcripts. Interestingly, the other 146 sex-specific 

transcripts grouped based on external genitalia masculinization and were independent 

of the individual’s sex hormone levels at the time of expression profiling. Therefore, a 

larger proportion of sex-specific gene transcription in human leukocytes is programmed 

by androgens during embryonic development rather than by other sex-specific factors. 

Further, the limited lifespan of blood leukocytes demonstrates that lasting changes in 

transcript programs due to androgens are likely embedded in the progenitor stem cells 

of leukocytes [220].  

There is some evidence that perinatal hormones influence immune function in 

animal models, however there is a lack of research in this area [221]. Testicular 

feminization mutation (Tfm) rodents have non-functional androgen receptors rendering 

them insensitive to their own androgens, including during the perinatal period [222]. Tfm 

male mice were found to have 2.8-fold heavier thymuses with 36 times more 

thymocytes than normal males and cultured thymocytes from Tfm male mice exhibited 

several fold higher IL-2 production compared to normal male thymocytes [223]. Further, 

Tfm male mice exhibited higher numbers of B cells in the bone marrow and spleen 

compared to normal males [224]. Lymphocytes from Tfm male mice were more reactive 
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to self-antigens than control males and similar to control females [225]. These studies 

demonstrate androgen signaling is important for sexually dimorphic responses in the 

adaptive immune system, but do not isolate the effect to the perinatal period. However, 

a few studies directly manipulating perinatal hormone levels and proceeding to evaluate 

immune function later in life do exist. Neonatal testosterone treatment in female mice 

has been demonstrated to permanently reduce T:B lymphocyte ratio in the spleen, 

which also can be permanently increased by neonatal castration of males [226]. 

Neonatal testosterone treatment of female mice altered the peripheral blood T-cell 

compartment in adulthood, including increased relative and absolute number of 

regulatory T cells [227]. An increase in blood T lymphocytes was also found in 

neonatally castrated male pigs compared to intact male pigs in adulthood along with 

higher serum total IgG levels [228]. In agreement, prenatal testosterone treatment of 

female mice reduced serum IgG levels to the level of normal males [229]. In ovo 

injection of androgens into black-headed gull eggs led to reduced T-cell mediated 

immunity and reduced plasma immunoglobulins after LPS challenge in chicks [230]. 

Furthermore, in a mouse model of the autoimmune disease, systemic lupus 

erythematosus, females had much higher plasma anti-DNP IgG antibodies compared to 

males [221]. Anti-DNP IgG levels were permanently reduced in females exposed to 

neonatal testosterone and elevated in neonatally castrated males, demonstrating a role 

for perinatal hormones in autoimmune disease susceptibility [221]. Taken together, 

these studies demonstrated perinatal hormone exposure has permanent effects on the 

adaptive immune system that may correlate with sex-specific disease risk, although 
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much remains to be elucidated. Further, little knowledge exists regarding the 

organizational effects of perinatal hormones on the innate immune system.  

 

Summary and objectives 

Well-established differences in immune responses exist between the sexes. Mast 

cells are critical effector cells of the innate immune system that orchestrate immune 

responses to pathogens, including modulation of adaptive immunity. However, mast cells 

are also involved in pathologic conditions, most notably allergic responses, but also 

autoimmune and chronic pain disorders. Intriguingly, most mast cell-mediated diseases 

exhibit a sex bias with females at increased risk. While adult sex hormones may explain 

some of the sex disparity, the fact that female children prior to puberty exhibit higher rates 

of mast cell-mediated disease challenges this concept. This dissertation addresses a 

critical gap in knowledge regarding the developmental origins of sex differences in mast 

cell-associated immune diseases. 

In this dissertation, we explore sex differences in IgE-mediated and stress-induced 

mast cell diseases. Further, we identify intrinsic and robust sex differences in the mast 

cell transcriptome, phenotype, and functional responses. Next, we determine when in life 

sex differences in the mast cell emerge and uncover early life mechanisms at play. The 

perinatal androgen surge is a male-specific process early in sex development that is a 

major organizer of tissues and cell throughout the body. Therefore, we hypothesized that 

mast cells are permanently altered by perinatal androgens leading to different functional 

response potentials that may correlate with the clinical variation in mast cell disease 

susceptibility. The work presented here serves as a foundation for future exploration into 
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the mechanism underlying how perinatal androgens shape sex differences in mast cell-

associated immune disorders and could lead to new therapeutic targets for mast cell 

diseases. Further, knowledge of the impact of sex and perinatal hormone levels on 

immune disease risk will have significant implications in understanding how 

environmental endocrine disruptor exposures during a critical hormone-sensitive period 

influence the health of the children and adults. 
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Table 1: Prevalence of mast cell-mediated disease. Reported female: male odds 

ratio of disease in children and adults. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Disease F:M (children) F:M (adult) 
Allergic Rhinitis 1.97:1 1.8:1 
Anaphylaxis 1.44:1 1.16:1 
Asthma 1:1.02 1.38-5.31:1 
Atopic Dermatitis 1.91:1 1.25:1 
Chronic Urticaria 1:0.40 1.96:1 

Food Allergy 4.1:3.8 2.35:1 
Autoimmune Disorders 

Multiple Sclerosis 
 

 
2.8:1 

 
3.2:1 

Systemic Lupus 
Erythematosus 

4:1 
 

6:1 
 

Rheumatoid Arthritis 2.5:1 3:1 
 

Chronic Pain Disorders 
Migraine 
 

1.67:1 3:1 

Functional Abdominal 
Pain Disorders 

1.39-1.5: 1 1.67:1 

Interstitial Cystitis 3.7:1 2.2:1 
 



   

 

32 

REFERENCES 

1. Beery, A.K. and I. Zucker, Sex bias in neuroscience and biomedical research. 
Neurosci Biobehav Rev, 2011. 35(3): p. 565-72. 

2. Shah, K., C.E. McCormack, and N.A. Bradbury, Do you know the sex of your cells? 
Am J Physiol Cell Physiol, 2014. 306(1): p. C3-18. 

3. Clayton, J.A. and F.S. Collins, Policy: NIH to balance sex in cell and animal studies. 
Nature, 2014. 509(7500): p. 282-3. 

4. Richardson, S.S., et al., Opinion: Focus on preclinical sex differences will not 
address women's and men's health disparities. Proc Natl Acad Sci U S A, 2015. 
112(44): p. 13419-20. 

5. Sandberg, K., et al., Sex and basic science. A Title IX position. Am J Physiol Regul 
Integr Comp Physiol, 2014. 307(4): p. R361-5. 

6. Ghably, J., et al., Paul Ehrlich's mastzellen: a historical perspective of relevant 
developments in mast cell biology. Methods Mol Biol, 2015. 1220: p. 3-10. 

7. Abraham, S.N. and R. Malaviya, Mast cells in infection and immunity. Infect 
Immun, 1997. 65(9): p. 3501-8. 

8. Kiernan, J.A., Production and life span of cutaneous mast cells in young rats. J 
Anat, 1979. 128(Pt 2): p. 225-38. 

9. Galli, S.J., et al., Mast cells as "tunable" effector and immunoregulatory cells: 
recent advances. Annu Rev Immunol, 2005. 23: p. 749-86. 

10. Galli, S.J., et al., Approaches for analyzing the roles of mast cells and their 
proteases in vivo. Adv Immunol, 2015. 126: p. 45-127. 

11. Galli, S.J., N. Borregaard, and T.A. Wynn, Phenotypic and functional plasticity of 
cells of innate immunity: macrophages, mast cells and neutrophils. Nat Immunol, 
2011. 12(11): p. 1035-44. 

12. Krystel-Whittemore, M., K.N. Dileepan, and J.G. Wood, Mast Cell: A Multi-
Functional Master Cell. Front Immunol, 2015. 6: p. 620. 

13. Ribatti, D., The Staining of Mast Cells: A Historical Overview. Int Arch Allergy 
Immunol, 2018. 176(1): p. 55-60. 

14. Ronnberg, E. and G. Pejler, Serglycin: the master of the mast cell. Methods Mol 
Biol, 2012. 836: p. 201-17. 

15. Wernersson, S. and G. Pejler, Mast cell secretory granules: armed for battle. Nat 
Rev Immunol, 2014. 14(7): p. 478-94. 



   

 

33 

16. Hammel, I., D. Lagunoff, and S.J. Galli, Regulation of secretory granule size by the 
precise generation and fusion of unit granules. J Cell Mol Med, 2010. 14(7): p. 
1904-16. 

17. Merickel, A. and R.H. Edwards, Transport of histamine by vesicular monoamine 
transporter-2. Neuropharmacology, 1995. 34(11): p. 1543-7. 

18. Olszewski, M.B., et al., Efficient sorting of TNF-alpha to rodent mast cell granules 
is dependent on N-linked glycosylation. Eur J Immunol, 2006. 36(4): p. 997-1008. 

19. Riley, J.F. and G.B. West, Histamine in tissue mast cells. J Physiol, 1952. 117(4): 
p. 72P-73P. 

20. Riley, J.F., Functional significance of histamine and heparin in tissue mast cells. 
Ann N Y Acad Sci, 1963. 103: p. 151-63. 

21. Sjoerdsma, A., T.P. Waalkes, and H. Weissbach, Serotonin and histamine in mast 
cells. Science, 1957. 125(3259): p. 1202-3. 

22. Kushnir-Sukhov, N.M., et al., Human mast cells are capable of serotonin synthesis 
and release. J Allergy Clin Immunol, 2007. 119(2): p. 498-9. 

23. Garcia-Faroldi, G., et al., Polyamines are present in mast cell secretory granules 
and are important for granule homeostasis. PLoS One, 2010. 5(11): p. e15071. 

24. Glenner, G.G. and L.A. Cohen, Histochemical demonstration of a species-specific 
trypsin-like enzyme in mast cells. Nature, 1960. 185: p. 846-7. 

25. Benditt, E.P. and M. Arase, An enzyme in mast cells with properties like 
chymotrypsin. J Exp Med, 1959. 110: p. 451-60. 

26. Haas, R., P.C. Heinrich, and D. Sasse, Proteolytic enzymes of rat liver 
mitochondria. Evidence for a mast cell origin. FEBS Lett, 1979. 103(1): p. 168-71. 

27. Lutzelschwab, C., et al., Secretory granule proteases in rat mast cells. Cloning of 
10 different serine proteases and a carboxypeptidase A from various rat mast cell 
populations. J Exp Med, 1997. 185(1): p. 13-29. 

28. Schwartz, L.B., et al., Quantitation of histamine, tryptase, and chymase in 
dispersed human T and TC mast cells. J Immunol, 1987. 138(8): p. 2611-5. 

29. Pejler, G., et al., Mast cell proteases: multifaceted regulators of inflammatory 
disease. Blood, 2010. 115(24): p. 4981-90. 

30. Metz, M., et al., Mast cells can enhance resistance to snake and honeybee 
venoms. Science, 2006. 313(5786): p. 526-30. 



   

 

34 

31. Akahoshi, M., et al., Mast cell chymase reduces the toxicity of Gila monster venom, 
scorpion venom, and vasoactive intestinal polypeptide in mice. J Clin Invest, 2011. 
121(10): p. 4180-91. 

32. Fukuishi, N., et al., Does beta-hexosaminidase function only as a degranulation 
indicator in mast cells? The primary role of beta-hexosaminidase in mast cell 
granules. J Immunol, 2014. 193(4): p. 1886-94. 

33. Dragonetti, A., et al., The lysosomal protease cathepsin D is efficiently sorted to 
and secreted from regulated secretory compartments in the rat basophilic/mast cell 
line RBL. J Cell Sci, 2000. 113 ( Pt 18): p. 3289-98. 

34. Wolters, P.J. and H.A. Chapman, Importance of lysosomal cysteine proteases in 
lung disease. Respir Res, 2000. 1(3): p. 170-7. 

35. Henningsson, F., et al., A role for cathepsin E in the processing of mast-cell 
carboxypeptidase A. J Cell Sci, 2005. 118(Pt 9): p. 2035-42. 

36. Gordon, J.R. and S.J. Galli, Mast cells as a source of both preformed and 
immunologically inducible TNF-alpha/cachectin. Nature, 1990. 346(6281): p. 274-
6. 

37. Bradding, P., et al., Interleukin 4 is localized to and released by human mast cells. 
J Exp Med, 1992. 176(5): p. 1381-6. 

38. Lindstedt, K.A., et al., Activation of paracrine TGF-beta1 signaling upon stimulation 
and degranulation of rat serosal mast cells: a novel function for chymase. FASEB 
J, 2001. 15(8): p. 1377-88. 

39. Leon, A., et al., Mast cells synthesize, store, and release nerve growth factor. Proc 
Natl Acad Sci U S A, 1994. 91(9): p. 3739-43. 

40. Grutzkau, A., et al., Synthesis, storage, and release of vascular endothelial growth 
factor/vascular permeability factor (VEGF/VPF) by human mast cells: implications 
for the biological significance of VEGF206. Mol Biol Cell, 1998. 9(4): p. 875-84. 

41. Greer, A.M., et al., Serum IgE clearance is facilitated by human FcepsilonRI 
internalization. J Clin Invest, 2014. 124(3): p. 1187-98. 

42. Gilfillan, A.M. and C. Tkaczyk, Integrated signalling pathways for mast-cell 
activation. Nat Rev Immunol, 2006. 6(3): p. 218-30. 

43. Lorentz, A., et al., The SNARE Machinery in Mast Cell Secretion. Front Immunol, 
2012. 3: p. 143. 

44. Gilfillan, A.M., R.D. Peavy, and D.D. Metcalfe, Amplification mechanisms for the 
enhancement of antigen-mediated mast cell activation. Immunol Res, 2009. 43(1-
3): p. 15-24. 



   

 

35 

45. Supajatura, V., et al., Differential responses of mast cell Toll-like receptors 2 and 
4 in allergy and innate immunity. J Clin Invest, 2002. 109(10): p. 1351-9. 

46. Dvorak, A.M., Piecemeal degranulation of basophils and mast cells is effected by 
vesicular transport of stored secretory granule contents. Chem Immunol Allergy, 
2005. 85: p. 135-84. 

47. Theoharides, T.C., et al., Differential release of serotonin and histamine from mast 
cells. Nature, 1982. 297(5863): p. 229-31. 

48. Wong, G.W., et al., Ancient origin of mast cells. Biochem Biophys Res Commun, 
2014. 451(2): p. 314-8. 

49. Woodbury, R.G., et al., Mucosal mast cells are functionally active during 
spontaneous expulsion of intestinal nematode infections in rat. Nature, 1984. 
312(5993): p. 450-2. 

50. Nawa, Y., et al., Defective protective capacity of W/Wv mice against Strongyloides 
ratti infection and its reconstitution with bone marrow cells. Parasite Immunol, 
1985. 7(4): p. 429-38. 

51. Grencis, R.K., et al., The in vivo role of stem cell factor (c-kit ligand) on 
mastocytosis and host protective immunity to the intestinal nematode Trichinella 
spiralis in mice. Parasite Immunol, 1993. 15(1): p. 55-9. 

52. Donaldson, L.E., et al., A critical role for stem cell factor and c-kit in host protective 
immunity to an intestinal helminth. Int Immunol, 1996. 8(4): p. 559-67. 

53. Lantz, C.S., et al., Role for interleukin-3 in mast-cell and basophil development and 
in immunity to parasites. Nature, 1998. 392(6671): p. 90-3. 

54. McKean, P.G. and D.I. Pritchard, The action of a mast cell protease on the cuticular 
collagens of Necator americanus. Parasite Immunol, 1989. 11(3): p. 293-7. 

55. Vermillion, D.L., et al., Antigen-induced contraction of jejunal smooth muscle in the 
sensitized rat. Am J Physiol, 1988. 255(6 Pt 1): p. G701-8. 

56. McDermott, J.R., et al., Mast cells disrupt epithelial barrier function during enteric 
nematode infection. Proc Natl Acad Sci U S A, 2003. 100(13): p. 7761-6. 

57. Hepworth, M.R., et al., Mast cells orchestrate type 2 immunity to helminths through 
regulation of tissue-derived cytokines. Proc Natl Acad Sci U S A, 2012. 109(17): 
p. 6644-9. 

58. Shimokawa, C., et al., Mast Cells Are Crucial for Induction of Group 2 Innate 
Lymphoid Cells and Clearance of Helminth Infections. Immunity, 2017. 46(5): p. 
863-874 e4. 



   

 

36 

59. Maurer, M., et al., Skin mast cells control T cell-dependent host defense in 
Leishmania major infections. FASEB J, 2006. 20(14): p. 2460-7. 

60. Malaviya, R., et al., Mast cell modulation of neutrophil influx and bacterial 
clearance at sites of infection through TNF-alpha. Nature, 1996. 381(6577): p. 77-
80. 

61. Shelburne, C.P., et al., Mast cells augment adaptive immunity by orchestrating 
dendritic cell trafficking through infected tissues. Cell Host Microbe, 2009. 6(4): p. 
331-42. 

62. Sutherland, R.E., et al., Mast cell IL-6 improves survival from Klebsiella pneumonia 
and sepsis by enhancing neutrophil killing. J Immunol, 2008. 181(8): p. 5598-605. 

63. Siebenhaar, F., et al., Control of Pseudomonas aeruginosa skin infections in mice 
is mast cell-dependent. Am J Pathol, 2007. 170(6): p. 1910-6. 

64. Wei, O.L., et al., Mast cells limit systemic bacterial dissemination but not colitis in 
response to Citrobacter rodentium. Infect Immun, 2005. 73(4): p. 1978-85. 

65. Echtenacher, B., D.N. Mannel, and L. Hultner, Critical protective role of mast cells 
in a model of acute septic peritonitis. Nature, 1996. 381(6577): p. 75-7. 

66. Huang, C., et al., Induction of a selective and persistent extravasation of 
neutrophils into the peritoneal cavity by tryptase mouse mast cell protease 6. J 
Immunol, 1998. 160(4): p. 1910-9. 

67. Tani, K., et al., Chymase is a potent chemoattractant for human monocytes and 
neutrophils. J Leukoc Biol, 2000. 67(4): p. 585-9. 

68. Datta, Y.H., et al., Peptido-leukotrienes are potent agonists of von Willebrand 
factor secretion and P-selectin surface expression in human umbilical vein 
endothelial cells. Circulation, 1995. 92(11): p. 3304-11. 

69. Malaviya, R. and S.N. Abraham, Role of mast cell leukotrienes in neutrophil 
recruitment and bacterial clearance in infectious peritonitis. J Leukoc Biol, 2000. 
67(6): p. 841-6. 

70. Nakano, N., et al., Involvement of mast cells in IL-12/23 p40 production is essential 
for survival from polymicrobial infections. Blood, 2007. 109(11): p. 4846-55. 

71. Caron, G., et al., Histamine induces CD86 expression and chemokine production 
by human immature dendritic cells. J Immunol, 2001. 166(10): p. 6000-6. 

72. von Stebut, E., et al., Early macrophage influx to sites of cutaneous granuloma 
formation is dependent on MIP-1alpha /beta released from neutrophils recruited 
by mast cell-derived TNFalpha. Blood, 2003. 101(1): p. 210-5. 



   

 

37 

73. Ketavarapu, J.M., et al., Mast cells inhibit intramacrophage Francisella tularensis 
replication via contact and secreted products including IL-4. Proc Natl Acad Sci U 
S A, 2008. 105(27): p. 9313-8. 

74. Jawdat, D.M., G. Rowden, and J.S. Marshall, Mast cells have a pivotal role in TNF-
independent lymph node hypertrophy and the mobilization of Langerhans cells in 
response to bacterial peptidoglycan. J Immunol, 2006. 177(3): p. 1755-62. 

75. Dudeck, J., et al., Engulfment of mast cell secretory granules on skin inflammation 
boosts dendritic cell migration and priming efficiency. J Allergy Clin Immunol, 2018. 

76. Kunder, C.A., et al., Mast cell-derived particles deliver peripheral signals to remote 
lymph nodes. J Exp Med, 2009. 206(11): p. 2455-67. 

77. Stelekati, E., et al., Mast cell-mediated antigen presentation regulates CD8+ T cell 
effector functions. Immunity, 2009. 31(4): p. 665-76. 

78. Dudeck, J., et al., Mast cells acquire MHCII from dendritic cells during skin 
inflammation. J Exp Med, 2017. 214(12): p. 3791-3811. 

79. Sugiyama, K., Histamine release from rat mast cells induced by Sendai virus. 
Nature, 1977. 270(5638): p. 614-5. 

80. Patella, V., et al., HIV-1 gp120 induces IL-4 and IL-13 release from human Fc 
epsilon RI+ cells through interaction with the VH3 region of IgE. J Immunol, 2000. 
164(2): p. 589-95. 

81. Burke, S.M., et al., Human mast cell activation with virus-associated stimuli leads 
to the selective chemotaxis of natural killer cells by a CXCL8-dependent 
mechanism. Blood, 2008. 111(12): p. 5467-76. 

82. Orinska, Z., et al., TLR3-induced activation of mast cells modulates CD8+ T-cell 
recruitment. Blood, 2005. 106(3): p. 978-87. 

83. Gonzalez, S., M. Moran, and I.E. Kochevar, Chronic photodamage in skin of mast 
cell-deficient mice. Photochem Photobiol, 1999. 70(2): p. 248-53. 

84. Tanooka, H., R. Tokuzen, and K. Tanaka, Radiation response of autochthonous 
mammary tumors in SHN mice. Gan, 1981. 72(4): p. 578-82. 

85. Maurer, M., R. Paus, and B.M. Czarnetzki, Mast cells as modulators of hair follicle 
cycling. Exp Dermatol, 1995. 4(4 Pt 2): p. 266-71. 

86. Maurer, M., et al., Activated skin mast cells are involved in murine hair follicle 
regression (catagen). Lab Invest, 1997. 77(4): p. 319-32. 

87. Silberstein, R., et al., Bone remodeling in W/Wv mast cell deficient mice. Bone, 
1991. 12(4): p. 227-36. 



   

 

38 

88. Komi, D.E.A., K. Khomtchouk, and P.L. Santa Maria, A Review of the Contribution 
of Mast Cells in Wound Healing: Involved Molecular and Cellular Mechanisms. Clin 
Rev Allergy Immunol, 2019. 

89. Crivellato, E., et al., The mast cell: an active participant or an innocent bystander? 
Histol Histopathol, 2004. 19(1): p. 259-70. 

90. Suzuki, A., et al., N-cadherin plays a role in the synapse-like structures between 
mast cells and neurites. Biol Pharm Bull, 2004. 27(12): p. 1891-4. 

91. Furuno, T., et al., The spermatogenic Ig superfamily/synaptic cell adhesion 
molecule mast-cell adhesion molecule promotes interaction with nerves. J 
Immunol, 2005. 174(11): p. 6934-42. 

92. Cenac, N., et al., Proteinase-activated receptor-2-induced colonic inflammation in 
mice: possible involvement of afferent neurons, nitric oxide, and paracellular 
permeability. J Immunol, 2003. 170(8): p. 4296-300. 

93. Nautiyal, K.M., et al., Serotonin of mast cell origin contributes to hippocampal 
function. Eur J Neurosci, 2012. 36(3): p. 2347-59. 

94. Ogawa, K., et al., Nanomolar concentrations of neuropeptides induce histamine 
release from peritoneal mast cells of a substrain of Wistar rats. Eur J Pharmacol, 
1999. 374(2): p. 285-91. 

95. Suzuki, R., et al., Direct neurite-mast cell communication in vitro occurs via the 
neuropeptide substance P. J Immunol, 1999. 163(5): p. 2410-5. 

96. Van Nassauw, L., D. Adriaensen, and J.P. Timmermans, The bidirectional 
communication between neurons and mast cells within the gastrointestinal tract. 
Auton Neurosci, 2007. 133(1): p. 91-103. 

97. Sonoda, T., C. Hayashi, and Y. Kitamura, Presence of mast cell precursors in the 
yolk sac of mice. Dev Biol, 1983. 97(1): p. 89-94. 

98. Hayashi, C., et al., Mast-cell precursors in the skin of mouse embryos and their 
deficiency in embryos of Sl/Sld genotype. Dev Biol, 1985. 109(1): p. 234-41. 

99. Li, Z., et al., Adult Connective Tissue-Resident Mast Cells Originate from Late 
Erythro-Myeloid Progenitors. Immunity, 2018. 49(4): p. 640-653 e5. 

100. Naccache, A., et al., Temporal and spatial distribution of mast cells and 
steroidogenic enzymes in the human fetal adrenal. Mol Cell Endocrinol, 2016. 434: 
p. 69-80. 

101. Chen, X.Y., et al., Development and distribution of mast cells and neuropeptides 
in human fetus duodenum. World J Gastroenterol, 2004. 10(22): p. 3349-52. 



   

 

39 

102. Liu, J., et al., Mast Cells Participate in Corneal Development in Mice. Sci Rep, 
2015. 5: p. 17569. 

103. Lilla, J.N. and Z. Werb, Mast cells contribute to the stromal microenvironment in 
mammary gland branching morphogenesis. Dev Biol, 2010. 337(1): p. 124-33. 

104. Lenz, K.M., et al., Mast Cells in the Developing Brain Determine Adult Sexual 
Behavior. J Neurosci, 2018. 38(37): p. 8044-8059. 

105. Pawankar, R., et al., Allergic diseases and asthma: a major global health concern. 
Curr Opin Allergy Clin Immunol, 2012. 12(1): p. 39-41. 

106. Hofmann, A.M. and S.N. Abraham, New roles for mast cells in modulating allergic 
reactions and immunity against pathogens. Curr Opin Immunol, 2009. 21(6): p. 
679-86. 

107. Voehringer, D., Protective and pathological roles of mast cells and basophils. Nat 
Rev Immunol, 2013. 13(5): p. 362-75. 

108. Galli, S.J. and M. Tsai, IgE and mast cells in allergic disease. Nat Med, 2012. 
18(5): p. 693-704. 

109. Brown, M.A. and J.K. Hatfield, Mast Cells are Important Modifiers of Autoimmune 
Disease: With so Much Evidence, Why is There Still Controversy? Front Immunol, 
2012. 3: p. 147. 

110. Konttinen, Y.T., et al., Mast cell derangement in salivary glands in patients with 
Sjogren's syndrome. Rheumatol Int, 2000. 19(4): p. 141-7. 

111. Saini, S.S., et al., Cultured peripheral blood mast cells from chronic idiopathic 
urticaria patients spontaneously degranulate upon IgE sensitization: Relationship 
to expression of Syk and SHIP-2. Clin Immunol, 2009. 132(3): p. 342-8. 

112. Ishii, T., et al., Establishment of experimental eosinophilic vasculitis by IgE-
mediated cutaneous reverse passive arthus reaction. Am J Pathol, 2009. 174(6): 
p. 2225-33. 

113. Sullivan, K.E., Inflammation in juvenile idiopathic arthritis. Rheum Dis Clin North 
Am, 2007. 33(3): p. 365-88. 

114. Nigrovic, P.A., et al., Mast cells contribute to initiation of autoantibody-mediated 
arthritis via IL-1. Proc Natl Acad Sci U S A, 2007. 104(7): p. 2325-30. 

115. Wintroub, B.U., et al., Morphologic and functional evidence for release of mast-cell 
products in bullous pemphigoid. N Engl J Med, 1978. 298(8): p. 417-21. 

116. Kaczmarczyk-Sekula, K., et al., Mast cells in systemic and cutaneous lupus 
erythematosus. Pol J Pathol, 2015. 66(4): p. 397-402. 



   

 

40 

117. Kruger, P.G., et al., Mast cells and multiple sclerosis: a light and electron 
microscopic study of mast cells in multiple sclerosis emphasizing staining 
procedures. Acta Neurol Scand, 1990. 81(1): p. 31-6. 

118. Rozniecki, J.J., et al., Elevated mast cell tryptase in cerebrospinal fluid of multiple 
sclerosis patients. Ann Neurol, 1995. 37(1): p. 63-6. 

119. Desbiens, L., et al., Significant Contribution of Mouse Mast Cell Protease 4 in Early 
Phases of Experimental Autoimmune Encephalomyelitis. Mediators Inflamm, 
2016. 2016: p. 9797021. 

120. Brown, M.A., M.B. Tanzola, and M. Robbie-Ryan, Mechanisms underlying mast 
cell influence on EAE disease course. Mol Immunol, 2002. 38(16-18): p. 1373-8. 

121. Minagar, A. and J.S. Alexander, Blood-brain barrier disruption in multiple sclerosis. 
Mult Scler, 2003. 9(6): p. 540-9. 

122. Sayed, B.A., et al., Meningeal mast cells affect early T cell central nervous system 
infiltration and blood-brain barrier integrity through TNF: a role for neutrophil 
recruitment? J Immunol, 2010. 184(12): p. 6891-900. 

123. Verri, W.A., Jr., et al., Hypernociceptive role of cytokines and chemokines: targets 
for analgesic drug development? Pharmacol Ther, 2006. 112(1): p. 116-38. 

124. Rudick, C.N., et al., Mast cell-derived histamine mediates cystitis pain. PLoS One, 
2008. 3(5): p. e2096. 

125. Lavich, T.R., et al., Combined action of vasoactive amines and bradykinin 
mediates allergen-evoked thermal hyperalgesia in rats. Eur J Pharmacol, 2003. 
462(1-3): p. 185-92. 

126. Lavich, T.R., et al., Neutrophil infiltration is implicated in the sustained thermal 
hyperalgesic response evoked by allergen provocation in actively sensitized rats. 
Pain, 2006. 125(1-2): p. 180-7. 

127. Levy, D., et al., Mast cell degranulation activates a pain pathway underlying 
migraine headache. Pain, 2007. 130(1-2): p. 166-76. 

128. Chatterjea, D., et al., Mast cell degranulation mediates compound 48/80-induced 
hyperalgesia in mice. Biochem Biophys Res Commun, 2012. 425(2): p. 237-43. 

129. Alhelal, M.A., et al., Trigeminal nerve stimulation triggers oral mast cell activation 
and vascular permeability. Ann Allergy Asthma Immunol, 2014. 112(1): p. 40-5. 

130. Theoharides, T.C., et al., Stress-induced intracranial mast cell degranulation: a 
corticotropin-releasing hormone-mediated effect. Endocrinology, 1995. 136(12): p. 
5745-50. 



   

 

41 

131. Zhang, L., J. Song, and X. Hou, Mast Cells and Irritable Bowel Syndrome: From 
the Bench to the Bedside. J Neurogastroenterol Motil, 2016. 22(2): p. 181-92. 

132. Theoharides, T.C., et al., Activation of bladder mast cells in interstitial cystitis: a 
light and electron microscopic study. J Urol, 1995. 153(3 Pt 1): p. 629-36. 

133. Bornstein, J., N. Goldschmid, and E. Sabo, Hyperinnervation and mast cell 
activation may be used as histopathologic diagnostic criteria for vulvar vestibulitis. 
Gynecol Obstet Invest, 2004. 58(3): p. 171-8. 

134. Blanco, I., et al., Abnormal overexpression of mastocytes in skin biopsies of 
fibromyalgia patients. Clin Rheumatol, 2010. 29(12): p. 1403-12. 

135. Anaf, V., et al., Pain, mast cells, and nerves in peritoneal, ovarian, and deep 
infiltrating endometriosis. Fertil Steril, 2006. 86(5): p. 1336-43. 

136. Heatley, R.V., et al., Increased plasma histamine levels in migraine patients. Clin 
Allergy, 1982. 12(2): p. 145-9. 

137. Barbara, G., et al., Functional gastrointestinal disorders and mast cells: 
implications for therapy. Neurogastroenterol Motil, 2006. 18(1): p. 6-17. 

138. Barbara, G., et al., Activated mast cells in proximity to colonic nerves correlate with 
abdominal pain in irritable bowel syndrome. Gastroenterology, 2004. 126(3): p. 
693-702. 

139. Cremon, C., et al., Intestinal serotonin release, sensory neuron activation, and 
abdominal pain in irritable bowel syndrome. Am J Gastroenterol, 2011. 106(7): p. 
1290-8. 

140. Barbara, G., et al., Mast cell-dependent excitation of visceral-nociceptive sensory 
neurons in irritable bowel syndrome. Gastroenterology, 2007. 132(1): p. 26-37. 

141. Shelukhina, I., et al., Cholinergic Nociceptive Mechanisms in Rat Meninges and 
Trigeminal Ganglia: Potential Implications for Migraine Pain. Front Neurol, 2017. 
8: p. 163. 

142. Loewendorf, A.I., et al., Roads Less Traveled: Sexual Dimorphism and Mast Cell 
Contributions to Migraine Pathology. Front Immunol, 2016. 7: p. 140. 

143. D'Costa, S., et al., Mast cell corticotropin-releasing factor subtype 2 suppresses 
mast cell degranulation and limits the severity of anaphylaxis and stress-induced 
intestinal permeability. J Allergy Clin Immunol, 2018. 

144. Conti, P., et al., Role of mast cells in tumor growth. Ann Clin Lab Sci, 2007. 37(4): 
p. 315-22. 



   

 

42 

145. Dabiri, S., et al., The presence of stromal mast cells identifies a subset of invasive 
breast cancers with a favorable prognosis. Mod Pathol, 2004. 17(6): p. 690-5. 

146. Huang, B., et al., SCF-mediated mast cell infiltration and activation exacerbate the 
inflammation and immunosuppression in tumor microenvironment. Blood, 2008. 
112(4): p. 1269-79. 

147. Patella, V., A. Genovese, and G. Marone, What are human heart mast cells for? 
Chem Immunol, 1995. 62: p. 171-86. 

148. Silver, R. and J.P. Curley, Mast cells on the mind: new insights and opportunities. 
Trends Neurosci, 2013. 36(9): p. 513-21. 

149. Reber, L.L., T. Marichal, and S.J. Galli, New models for analyzing mast cell 
functions in vivo. Trends Immunol, 2012. 33(12): p. 613-25. 

150. Nagle, D.L., et al., Physical mapping of the Tec and Gabrb1 loci reveals that the 
Wsh mutation on mouse chromosome 5 is associated with an inversion. Hum Mol 
Genet, 1995. 4(11): p. 2073-9. 

151. Grimbaldeston, M.A., et al., Mast cell-deficient W-sash c-kit mutant Kit W-sh/W-sh 
mice as a model for investigating mast cell biology in vivo. Am J Pathol, 2005. 
167(3): p. 835-48. 

152. Dudeck, A., et al., Mast cells are key promoters of contact allergy that mediate the 
adjuvant effects of haptens. Immunity, 2011. 34(6): p. 973-84. 

153. Feyerabend, T.B., et al., Cre-mediated cell ablation contests mast cell contribution 
in models of antibody- and T cell-mediated autoimmunity. Immunity, 2011. 35(5): 
p. 832-44. 

154. Lilla, J.N., et al., Reduced mast cell and basophil numbers and function in Cpa3-
Cre; Mcl-1fl/fl mice. Blood, 2011. 118(26): p. 6930-8. 

155. vom Steeg, L.G. and S.L. Klein, SeXX Matters in Infectious Disease Pathogenesis. 
PLoS Pathog, 2016. 12(2): p. e1005374. 

156. Klein, S.L. and K.L. Flanagan, Sex differences in immune responses. Nat Rev 
Immunol, 2016. 16(10): p. 626-38. 

157. Klein, S.L., Hormonal and immunological mechanisms mediating sex differences 
in parasite infection. Parasite Immunol, 2004. 26(6-7): p. 247-64. 

158. Sawyer, C.C., Child mortality estimation: estimating sex differences in childhood 
mortality since the 1970s. PLoS Med, 2012. 9(8): p. e1001287. 



   

 

43 

159. Flanagan, C.E., et al., Association of decreased rate of influenza vaccination with 
increased subjective olfactory dysfunction. JAMA Otolaryngol Head Neck Surg, 
2015. 141(3): p. 225-8. 

160. Osman, M., et al., Gender-specific presentations for asthma, allergic rhinitis and 
eczema in primary care. Prim Care Respir J, 2007. 16(1): p. 28-35. 

161. Poulos, L.M., et al., Trends in hospitalizations for anaphylaxis, angioedema, and 
urticaria in Australia, 1993-1994 to 2004-2005. J Allergy Clin Immunol, 2007. 
120(4): p. 878-84. 

162. Webb, L.M. and P. Lieberman, Anaphylaxis: a review of 601 cases. Ann Allergy 
Asthma Immunol, 2006. 97(1): p. 39-43. 

163. Acker, W.W., et al., Prevalence of food allergies and intolerances documented in 
electronic health records. J Allergy Clin Immunol, 2017. 140(6): p. 1587-1591 e1. 

164. Orton, S.M., et al., Sex ratio of multiple sclerosis in Canada: a longitudinal study. 
Lancet Neurol, 2006. 5(11): p. 932-6. 

165. Alamanos, Y. and A.A. Drosos, Epidemiology of adult rheumatoid arthritis. 
Autoimmun Rev, 2005. 4(3): p. 130-6. 

166. Chiaroni-Clarke, R.C., J.E. Munro, and J.A. Ellis, Sex bias in paediatric 
autoimmune disease - Not just about sex hormones? J Autoimmun, 2016. 69: p. 
12-23. 

167. Sperber, A.D., et al., The global prevalence of IBS in adults remains elusive due 
to the heterogeneity of studies: a Rome Foundation working team literature review. 
Gut, 2017. 66(6): p. 1075-1082. 

168. Stewart, W.F., J. Roy, and R.B. Lipton, Migraine prevalence, socioeconomic 
status, and social causation. Neurology, 2013. 81(11): p. 948-55. 

169. Stovner, L., et al., The global burden of headache: a documentation of headache 
prevalence and disability worldwide. Cephalalgia, 2007. 27(3): p. 193-210. 

170. Berry, S.H., et al., Prevalence of symptoms of bladder pain syndrome/interstitial 
cystitis among adult females in the United States. J Urol, 2011. 186(2): p. 540-4. 

171. Suskind, A.M., et al., The prevalence and overlap of interstitial cystitis/bladder pain 
syndrome and chronic prostatitis/chronic pelvic pain syndrome in men: results of 
the RAND Interstitial Cystitis Epidemiology male study. J Urol, 2013. 189(1): p. 
141-5. 

172. Walitt, B., et al., The Prevalence and Characteristics of Fibromyalgia in the 2012 
National Health Interview Survey. PLoS One, 2015. 10(9): p. e0138024. 



   

 

44 

173. Mogil, J.S., Sex differences in pain and pain inhibition: multiple explanations of a 
controversial phenomenon. Nat Rev Neurosci, 2012. 13(12): p. 859-66. 

174. Ballardini, N., et al., Eczema severity in preadolescent children and its relation to 
sex, filaggrin mutations, asthma, rhinitis, aggravating factors and topical treatment: 
a report from the BAMSE birth cohort. Br J Dermatol, 2013. 168(3): p. 588-94. 

175. McGowan, E.C. and C.A. Keet, Prevalence of self-reported food allergy in the 
National Health and Nutrition Examination Survey (NHANES) 2007-2010. J Allergy 
Clin Immunol, 2013. 132(5): p. 1216-1219 e5. 

176. Branum, A.M. and S.L. Lukacs, Food allergy among U.S. children: trends in 
prevalence and hospitalizations. NCHS Data Brief, 2008(10): p. 1-8. 

177. Korterink, J.J., et al., Epidemiology of pediatric functional abdominal pain 
disorders: a meta-analysis. PLoS One, 2015. 10(5): p. e0126982. 

178. Victor, T.W., et al., Migraine prevalence by age and sex in the United States: a life-
span study. Cephalalgia, 2010. 30(9): p. 1065-72. 

179. Bille, B.S., Migraine in school children. A study of the incidence and short-term 
prognosis, and a clinical, psychological and electroencephalographic comparison 
between children with migraine and matched controls. Acta Paediatr Suppl, 1962. 
136: p. 1-151. 

180. Kashikar-Zuck, S. and T.V. Ting, Juvenile fibromyalgia: current status of research 
and future developments. Nat Rev Rheumatol, 2014. 10(2): p. 89-96. 

181. Vaz, G.T., et al., Prevalence of lower urinary tract symptoms in school-age 
children. Pediatr Nephrol, 2012. 27(4): p. 597-603. 

182. King, S., et al., The epidemiology of chronic pain in children and adolescents 
revisited: a systematic review. Pain, 2011. 152(12): p. 2729-38. 

183. Perquin, C.W., et al., Pain in children and adolescents: a common experience. 
Pain, 2000. 87(1): p. 51-8. 

184. Osman, M., et al., Changing trends in sex specific prevalence rates for childhood 
asthma, eczema, and hay fever. Pediatr Pulmonol, 2007. 42(1): p. 60-5. 

185. McCarthy, M.M., B.M. Nugent, and K.M. Lenz, Neuroimmunology and 
neuroepigenetics in the establishment of sex differences in the brain. Nat Rev 
Neurosci, 2017. 18(8): p. 471-484. 

186. Arnold, A.P. and X. Chen, What does the "four core genotypes" mouse model tell 
us about sex differences in the brain and other tissues? Front Neuroendocrinol, 
2009. 30(1): p. 1-9. 



   

 

45 

187. Meleine, M. and J. Matricon, Gender-related differences in irritable bowel 
syndrome: potential mechanisms of sex hormones. World J Gastroenterol, 2014. 
20(22): p. 6725-43. 

188. Vrieze, A., D.S. Postma, and H.A. Kerstjens, Perimenstrual asthma: a syndrome 
without known cause or cure. J Allergy Clin Immunol, 2003. 112(2): p. 271-82. 

189. Moloney, R.D., et al., Estrous cycle influences excitatory amino acid transport and 
visceral pain sensitivity in the rat: effects of early-life stress. Biol Sex Differ, 2016. 
7: p. 33. 

190. Hox, V., et al., Estrogen increases the severity of anaphylaxis in female mice 
through enhanced endothelial nitric oxide synthase expression and nitric oxide 
production. J Allergy Clin Immunol, 2015. 135(3): p. 729-36 e5. 

191. Ligeiro de Oliveira, A.P., et al., Regulation of allergic lung inflammation in rats: 
interaction between estradiol and corticosterone. Neuroimmunomodulation, 2004. 
11(1): p. 20-7. 

192. Zaitsu, M., et al., Estradiol activates mast cells via a non-genomic estrogen 
receptor-alpha and calcium influx. Mol Immunol, 2007. 44(8): p. 1977-85. 

193. Jensen, F., et al., Estradiol and progesterone regulate the migration of mast cells 
from the periphery to the uterus and induce their maturation and degranulation. 
PLoS One, 2010. 5(12): p. e14409. 

194. Pang, X., et al., Bladder mast cell expression of high affinity oestrogen receptors 
in patients with interstitial cystitis. Br J Urol, 1995. 75(2): p. 154-61. 

195. Boes, T. and D. Levy, Influence of sex, estrous cycle, and estrogen on intracranial 
dural mast cells. Cephalalgia, 2012. 32(12): p. 924-31. 

196. Aydin, Y., et al., Ovarian, uterine and brain mast cells in female rats: cyclic changes 
and contribution to tissue histamine. Comp Biochem Physiol A Mol Integr Physiol, 
1998. 120(2): p. 255-62. 

197. Bradesi, S., et al., Effect of ovarian hormones on intestinal mast cell reactivity to 
substance P. Life Sci, 2001. 68(9): p. 1047-56. 

198. Jing, H., Z. Wang, and Y. Chen, Effect of oestradiol on mast cell number and 
histamine level in the mammary glands of rat. Anat Histol Embryol, 2012. 41(3): p. 
170-6. 

199. Narita, S., et al., Environmental estrogens induce mast cell degranulation and 
enhance IgE-mediated release of allergic mediators. Environ Health Perspect, 
2007. 115(1): p. 48-52. 



   

 

46 

200. Chen, W., et al., Human mast cells express androgen receptors but treatment with 
testosterone exerts no influence on IgE-independent mast cell degranulation 
elicited by neuromuscular blocking agents. Exp Dermatol, 2010. 19(3): p. 302-4. 

201. Kim, M.S., et al., Estrogen regulates cytokine release in human mast cells. 
Immunopharmacol Immunotoxicol, 2001. 23(4): p. 495-504. 

202. Vasiadi, M., et al., Progesterone inhibits mast cell secretion. Int J Immunopathol 
Pharmacol, 2006. 19(4): p. 787-94. 

203. Munoz-Cruz, S., et al., Gender-related effects of sex steroids on histamine release 
and FcepsilonRI expression in rat peritoneal mast cells. J Immunol Res, 2015. 
2015: p. 351829. 

204. Foo, Y.Z., et al., The effects of sex hormones on immune function: a meta-analysis. 
Biol Rev Camb Philos Soc, 2017. 92(1): p. 551-571. 

205. Tiuria, R., et al., The Indian soft-furred rat, Millardia meltada, a new host for 
Nippostrongylus brasiliensis, showing androgen-dependent sex difference in 
intestinal mucosal defence. Int J Parasitol, 1994. 24(7): p. 1055-7. 

206. Tiuria, R., et al., Effect of testosterone on the mucosal defence against intestinal 
helminths in Indian soft-furred rats, Millardia meltada with reference to goblet and 
mast cell responses. Parasite Immunol, 1995. 17(9): p. 479-84. 

207. Laffont, S., et al., Androgen signaling negatively controls group 2 innate lymphoid 
cells. J Exp Med, 2017. 214(6): p. 1581-1592. 

208. Russi, A.E., et al., Male-specific IL-33 expression regulates sex-dimorphic EAE 
susceptibility. Proc Natl Acad Sci U S A, 2018. 115(7): p. E1520-E1529. 

209. Hiort, O., The differential role of androgens in early human sex development. BMC 
Med, 2013. 11: p. 152. 

210. Yamada, G., et al., Molecular genetic cascades for external genitalia formation: an 
emerging organogenesis program. Dev Dyn, 2006. 235(7): p. 1738-52. 

211. Morris, J.A., C.L. Jordan, and S.M. Breedlove, Sexual differentiation of the 
vertebrate nervous system. Nat Neurosci, 2004. 7(10): p. 1034-9. 

212. Miyagawa, S., et al., Genetic interactions of the androgen and Wnt/beta-catenin 
pathways for the masculinization of external genitalia. Mol Endocrinol, 2009. 23(6): 
p. 871-80. 

213. Welsh, M., et al., Identification in rats of a programming window for reproductive 
tract masculinization, disruption of which leads to hypospadias and cryptorchidism. 
J Clin Invest, 2008. 118(4): p. 1479-90. 



   

 

47 

214. Kamrath, C., M.F. Hartmann, and S.A. Wudy, Androgen synthesis in patients with 
congenital adrenal hyperplasia due to 21-hydroxylase deficiency. Horm Metab 
Res, 2013. 45(2): p. 86-91. 

215. Berenbaum, S.A. and A.M. Beltz, Sexual differentiation of human behavior: effects 
of prenatal and pubertal organizational hormones. Front Neuroendocrinol, 2011. 
32(2): p. 183-200. 

216. Gendrel, D., et al., Simultaneous postnatal rise of plasma LH and testosterone in 
male infants. J Pediatr, 1980. 97(4): p. 600-2. 

217. Arnold, A.P., X. Chen, and Y. Itoh, What a difference an X or Y makes: sex 
chromosomes, gene dose, and epigenetics in sexual differentiation. Handb Exp 
Pharmacol, 2012(214): p. 67-88. 

218. Murray, E.K., et al., Epigenetic control of sexual differentiation of the bed nucleus 
of the stria terminalis. Endocrinology, 2009. 150(9): p. 4241-7. 

219. Nugent, B.M., et al., Brain feminization requires active repression of 
masculinization via DNA methylation. Nat Neurosci, 2015. 18(5): p. 690-7. 

220. Holterhus, P.M., et al., Disorders of sex development expose transcriptional 
autonomy of genetic sex and androgen-programmed hormonal sex in human blood 
leukocytes. BMC Genomics, 2009. 10: p. 292. 

221. Martin, J.T., Sexual dimorphism in immune function: the role of prenatal exposure 
to androgens and estrogens. Eur J Pharmacol, 2000. 405(1-3): p. 251-61. 

222. Zuloaga, D.G., et al., Male rats with the testicular feminization mutation of the 
androgen receptor display elevated anxiety-related behavior and corticosterone 
response to mild stress. Horm Behav, 2011. 60(4): p. 380-8. 

223. Olsen, N.J. and W.J. Kovacs, Increased thymic size and thymocyte interleukin 2 
production in androgen-resistant mice. Scand J Immunol, 1989. 29(6): p. 733-8. 

224. Smithson, G., et al., The role of estrogen receptors and androgen receptors in sex 
steroid regulation of B lymphopoiesis. J Immunol, 1998. 161(1): p. 27-34. 

225. Weinstein, Y., S. Ran, and S. Segal, Sex-associated differences in the regulation 
of immune responses controlled by the MHC of the mouse. J Immunol, 1984. 
132(2): p. 656-61. 

226. Dorner, G., R. Eckert, and G. Hinz, Androgen-dependent sexual dimorphism of the 
immune system. Endokrinologie, 1980. 76(1): p. 112-4. 

227. Leposavic, G., et al., Neonatal testosterone imprinting affects thymus development 
and leads to phenotypic rejuvenation and masculinization of the peripheral blood 



   

 

48 

T-cell compartment in adult female rats. Brain Behav Immun, 2009. 23(2): p. 294-
304. 

228. Leclercq, C., A. Prunier, and E. Merlot, Effects of neonatal surgical castration and 
immunocastration in male pigs on blood T lymphocytes and health markers. 
Animal, 2014. 8(5): p. 836-43. 

229. Konstadoulakis, M.M., et al., Effect of testosterone administration, pre- and 
postnatally, on the immune system of rats. Horm Metab Res, 1995. 27(6): p. 275-
8. 

230. Muller, W., et al., Prenatal androgen exposure modulates cellular and humoral 
immune function of black-headed gull chicks. Proc Biol Sci, 2005. 272(1575): p. 
1971-7. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



   

 

49 

CHAPTER 2 

 

Sexual Dimorphism in the Mast Cell Transcriptome and the 

Pathophysiological Responses to Immunological and Psychological 

Stressors 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

This chapter exists in published form as Mackey EM, Ayyadurai S, Pohl CS, D’Costa S, 

Li Y, Moeser AJ. Sexual dimorphism in the mast cell transcriptome and the 

pathophysiological responses to immunological and psychological stress. Biol Sex 

Differ. 2016 Nov;7:60. doi:10.1186/s13293-016-0113-7. 



   

 

50 

 

RESEARCH Open Access

Sexual dimorphism in the mast cell
transcriptome and the pathophysiological
responses to immunological and
psychological stress
Emily Mackey1,5, Saravanan Ayyadurai1,2, Calvin S. Pohl1,2, Susan D’ Costa6, Yihang Li1,2 and Adam J. Moeser1,2,3,4*

Abstract

Background: Biological sex plays a prominent role in the prevalence and severity of a number of important
stress-related gastrointestinal and immune-related diseases including IBS and allergy/anaphylaxis. Despite the
establishment of sex differences in these diseases, the underlying mechanisms contributing to sex differences
remain poorly understood. The objective of this study was to define the role of biological sex on mast cells (MCs),
an innate immune cell central to the pathophysiology of many GI and allergic disorders.

Methods: Twelve-week-old C57BL/6 male and female mice were exposed to immunological stress (2 h of IgE-mediated
passive systemic anaphylaxis (PSA)) or psychological stress (1 h of restraint stress (RS)) and temperature, clinical scores,
serum histamine, and intestinal permeability (for RS) were measured. Primary bone marrow-derived MCs (BMMCs) were
harvested from male and female mice and analyzed for MC degranulation, signaling pathways, mediator content,
and RNA transcriptome analysis.

Results: Sexually dimorphic responses were observed in both models of PSA and RS and in primary MCs. Compared
with male mice, female mice exhibited increased clinical scores, hypothermia, and serum histamine levels in response
to PSA and had greater intestinal permeability and serum histamine responses to RS. Primary BMMCs from female mice
exhibited increased release of β-hexosaminidase, histamine, tryptase, and TNF-α upon stimulation with IgE/DNP and
A23187. Increased mediator release in female BMMCs was not associated with increased upstream phospho-tyrosine
signaling pathways or downstream Ca2+ mobilization. Instead, increased mediator release in female MCs was
associated with markedly increased capacity for synthesis and storage of MC granule-associated immune
mediators as determined by MC mediator content and RNA transcriptome analysis.

Conclusions: These results provide a new understanding of sexual dimorphic responses in MCs and have direct
implications for stress-related diseases associated with a female predominance and MC hyperactivity including
irritable bowel syndrome, allergy, and anaphylaxis.
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Background
Biological sex is a major determinant in the prevalence
and severity of many diseases. An increasing number of
clinical and epidemiologic studies have demonstrated
that the prevalence of allergic disorders, such as urti-
caria, angioedema, allergic rhinitis, and eczema, is higher
in females than males [1–4]. In addition, women are
more likely than men to be diagnosed with allergic
asthma and develop more severe manifestations of the
disease [5, 6]. The incidence of systemic anaphylaxis is
higher in females than males, as shown in a number of
clinical and epidemiologic studies [3, 7–9]. Sex differ-
ences are well-established in gastrointestinal functional
disorders such as irritable bowel syndrome (IBS), which
is two to four times more prevalent in women than men
throughout the world [10]. Despite the known sex differ-
ences in disease prevalence and severity, the mecha-
nisms underlying these sex differences remain poorly
understood. Furthermore, there is a lack of knowledge
regarding the influence of sex in preclinical research
[11], and the inclusion of sex as a variable in cell and
tissue culture is rare [12]. While both hormonal and
non-hormonal factors have been implicated in sexual di-
morphism of disease, the reason behind female predom-
inance in these allergic and inflammatory diseases is
understudied and largely unknown.
Mast cells (MCs) are tissue-resident innate immune

cells that play a critical role in many allergic and inflam-
matory diseases. A distinguishing feature of MCs is their
numerous electron-dense secretory granules found in
their cytoplasm that are filled with potent immune me-
diators such as biogenic amines, proteases, lysosomal
enzymes, and cytokines [13]. When MCs are activated,
they undergo degranulation and release the contents of
the secretory granules into the extracellular space [14].
Released mediators have diverse and profound physio-
logical effects including increases in vascular and epithe-
lial permeability and inflammation, which lead to clinical
manifestations of disease [15]. Mast cells have central
effector functions in diseases such as allergy and IBS
[16, 17]. While there is some evidence that sex-specific
differences in these diseases are related to sex hormones,
particularly estradiol, to our knowledge, there is no in-
formation about sex-specific differences in MCs and
their contribution to the disease prevalence or severity.
Estrogen can induce MC degranulation [18–24], but
there are no studies directly addressing inherent differ-
ences that exist between MCs derived from males and
females and MC-related disease pathogenesis; therefore, a
significant knowledge gap exists regarding sex-specific dis-
ease responses with this regard. The objectives of the
present study were to investigate the influence of bio-
logical sex on MC-mediated pathophysiology in animal
models of psychological and immunological stress and to

characterize the sexually dimorphic biological responses
in primary MC cultures.

Methods
Animals
C57BL/6 mice derived from founding colony breeders
(The Jackson Laboratory, Bar Harbor, ME) were housed
under specific pathogen-free conditions in facilities accre-
dited by the Association for Assessment and Accreditation
for Laboratory Care (AAALAC) International. Mice were
group-housed with littermates in light- and temperature-
controlled and provided ad libitum access to water and a
standard commercial rodent chow diet.

Passive systemic anaphylaxis
Male and female 10–12-week-old C57BL/6 mice (The
Jackson Laboratory, Stock No: 000664) were injected in-
traperitoneally (i.p.) with 10 μg of mouse monoclonal
anti-DNP IgE. Twenty-four hours later, mice were chal-
lenged with 500 μg of 2,4-dinitrophenyl-human serum
albumin (DNP-HSA; i.p.; n = 8/sex) or PBS (i.p.; n = 4/
sex). Rectal temperatures were monitored for 120 min
post-DNP injection using a TH-5 Thermalert monitoring
thermometer with a rectal probe suitable for mice (Phy-
sitemp, Clifton, NJ). Clinical scores were also evaluated
for 120 min after DNP injection by a system adapted
from Chen et al. [25]. Briefly, the scoring system rated the
presence of the following clinical symptoms: scratching,
abdominal stretching, rubbing around nose, puffiness in
face, pilar erecti, reduced activity, increased respiration
rate, labored breathing, inability to move after prod-
ding, inability to right itself, tremors, and death. Each
symptom present added 1 point to the clinical score.
The scores were recorded by an individual who was
blinded to experimental treatments and tallied as a sum
total score for each time point. Clinical scores of mice
undergoing anaphylaxis were normalized to control
mice of respective sex.
Mice were then euthanized by CO2 inhalation, and

the mesentery of the jejunum was collected and stained
with toluidine blue (1%, pH 1) to assess tissue MC de-
granulation. Five high-power fields (×10 magnification)
of mesentery from four mice per group were randomly
chosen and MCs were counted in a blinded fashion.
For serum histamine measurements, male and female
mice (PBS, n = 4/sex; DNP-HSA, n = 4/sex, repeated in
three independent experiments) underwent the same
treatment but were sacrificed by CO2 after 30 min.
Blood was immediately collected by cardiac puncture,
and serum was harvested to evaluate histamine concen-
tration by competitive histamine ELISA (Oxford Bio-
medical Research, Rochester Hills, MI).
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Restraint stress protocol
Female and male mice, approximately 10–12 weeks of
age, were subjected to restraint stress (RS) by placing
them in individual transparent 50-ml plastic conical
tubes, modified with air holes for 15 min (n = 6/sex),
30 min (n = 6/male, n = 12/female), and 1 h (n = 5/sex).
Control mice (non-stressed) of each sex (n = 6) remained
in their original home cages for 1 h without food and
water to avoid confounding effects of water or feed in-
take during the 1-h test period. Following RS, stressed
and control mice were immediately euthanized by CO2

inhalation, and serum was collected for evaluation of
histamine concentration by competitive histamine
ELISA (Oxford Biomedical Sciences, Rochester Hills,
MI), corticosterone concentration by competitive cor-
ticosterone ELISA (Immuno-Biological Laboratories,
Inc., Minneapolis MN), and estradiol concentration by
competitive estradiol ELISA (Calbiotech Inc., El Cajon,
CA), which has been demonstrated to parallel the gold
standard method of gas chromatography/tandem mass
spectrometry [26]. Serum testosterone concentration
was measured using a solid-phase competitive chemilu-
minescent ELISA on the Siemens Immulite 2000 at the
Diagnostic Center for Population and Animal Health
(Lansing, MI). Ileal mucosa sections were collected
from non-stressed mice and stressed mice after 1-h RS
for Ussing chamber experiments.

FD4 intestinal paracellular permeability
Ileum was harvested from each animal immediately fol-
lowing euthanasia and opened lengthwise along the anti-
mesenteric border. In oxygenated (95% O2, 5% CO2)
Ringer’s solution (154 Na+ mM, 6.3 K+ mM, 137 Cl− mM,
0.3 H2PO3mM, 1.2 Ca2+ mM, 0.7 Mg2+ mM, 24 HCO3

− at
pH 7.4) at 37 °C, the seromuscular layer was removed
from the tissue by micro-dissection. Mucosal-submucosal
sections were then mounted in a 0.3-cm2 aperture on
Ussing chambers (Physiologic Instruments, Inc., San
Diego, CA). The tissue was bathed in Ringer’s solution
containing 10 mM glucose (serosal side) that was balanced
with 10 mM mannitol on the mucosal side. Bathing solu-
tions were oxygenated (95% O2, 5% CO2) and maintained
at 37 °C. After a 30-min equilibration period on Ussing
chambers, 4 kDa fluorescein isothiocyanate dextran (FD4;
Sigma, 100 mg/ml) was added to the mucosal bathing res-
ervoir of the Ussing chambers. After a 15-min equilibra-
tion period, standards were taken from the serosal side of
each chamber and a 60-min flux period was established by
taking 0.5-ml samples from the mucosal compartment.
The quantity of FD4 was established by measuring the
fluorescence in mucosal reservoir fluid samples in a fluor-
escence plate reader at 540 nm. Data were presented as
the rate of FD4 flux in ng FD4.min.cm2.

Derivation of primary BMMCs
Bone marrow cells were isolated from the femurs of 7-
to 8-week-old male and female C57BL/6 mice and cul-
tured in complete medium containing RPMI 1640 with
L-glutamine, 10% heat-inactivated FBS, non-essential
amino acids, HEPES buffer, sodium pyruvate, 100 U/ml
penicillin, 100 μg/ml streptomycin, 5 ng/ml murine IL-3,
and 5 ng/ml murine stem cell factor (SCF). Cells were
grown at 37 °C in 5% CO2 for 4 to 8 weeks, at which
time >98% of cells in the culture were confirmed as mast
cells by toluidine blue staining (1%, pH 1) and FcεR1/c-
kit double-positive staining by flow cytometry. The n for
bone marrow-derived MC (BMMC) experiments was de-
fined by independent flasks.

pMCs
Peritoneal cells were collected from 8- to 10-week-old
C57BL/6 male and female mice by performing peritoneal
lavage with 5 ml of Hank’s Balanced Salt Solution (1×)
supplemented with EDTA (1 mM) to prevent mast cell
degranulation. Peritoneal mast cells (pMCs) were iso-
lated using a 70% Percoll gradient as previously de-
scribed [27]. Purity of separation was confirmed to be
>95% by staining with toluidine blue. Peritoneal mast
cells were counted using trypan blue exclusion, and
equal numbers of cells were lysed using radioimmuno-
precipitation (RIPA) buffer supplemented with phos-
phatase and protease inhibitors, followed by sonication
(Sonic Dismembrator Model 100, Fisher Scientific), for
later histamine measurement. Peritoneal mast cells were
collected from adult Sprague-Dawley rats by performing
peritoneal lavage with 10 ml HBSS (1×) with EDTA
(1 mM) followed by a 70% Percoll gradient as previously
described [27]. All cells were counted and equal num-
bers were lysed and sonicated for later histamine
measurement.

Mast cell activation and mediator measurement
BMMCs (2.25 × 106 cells/ml) were sensitized with 1 μg/ml
mouse monoclonal anti-DNP IgE overnight and then
stimulated with 62 ng/mL DNP-HSA for 1 h, with the
exception of the β-hexosaminidase assay which was per-
formed at multiple time points and DNP-HSA concentra-
tions (both from Sigma-Aldrich). BMMCs (2.25 × 106

cells/ml) were also stimulated with 1 μM of the Ca2+

ionophore A23187 (Sigma-Aldrich) for 1 h. The presence
of β-hexosaminidase in the supernatant and cell lysate was
evaluated using the substrate p-nitrophenyl N-acetyl-α-D-
glucosaminide. The percentage of β-hexosaminidase release
was calculated as a percentage of total β-hexosaminidase
content. For other mediators, cell supernatants were
collected and kept at −80 °C until later evaluation of medi-
ator release. Unstimulated BMMCs and pMCs were lysed
using RIPA buffer, sonicated, and kept at −80 °C until
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further analysis. Histamine levels in cell supernatants and
lysates were quantified using a competitive histamine
ELISA (Oxford Biomedical Research, Rochester Hills, MI).
Tryptase activity was measured in cell supernatants and ly-
sates, and chymase activity was measured in cell lysates
using a colorimetric activity assay with substrates (Z-Lys-
SBzl and Succ-AAPF-SBzL, respectively; Bachem, Torrance,
CA) specific for cleavage by tryptase or chymase when in
the presence of heparin, as previously described [28]. TNF-
α levels in supernatants were evaluated by quantitative
ELISA (eBioscience). Mediator levels were normalized to
unstimulated controls when applicable and corrected to
106 cells.

Quantitative real-time PCR
RNA was isolated using a RNeasy minikit (QIAGEN) from
unstimulated BMMCs and IgE-primed BMMCs stimu-
lated with 62 ng/mL DNP-HSA for 0, 1, 2, and 4 h. cDNA
(1 μg) was synthesized using the Maxima First Strand
cDNA Synthesis Kit with dsDNase (Thermo Scientific),
adhering to manufacturer’s protocol. Samples were pre-
pared according to the TaqMan Gene Expression Master
Mix (Applied Biosystems) with the following murine
primer/probe sets: Tnf (Mm00443258_m1), Il6 (Mm0
0446190_m1), Il1β (Mm00434228_m1), Il13 (Mm004
34204_m1), Ccl3 (Mm00441259_g1), Esr1 (Mm004412
59_g1), Esr2 (Mm00599821_m1), Gper1 (Mm02620
446_s1), Pgr (Mm00435628_m1), Ar (Mm00442688_m1),
Pgrmc2 (Mm01283155_m1), and Hrpt (Mm004469
68_m1). Alternatively, samples were prepared according
to LightCycler 480 SYBR 1 Green Master Mix with the
following primers: TNF-α forward, 5′-GATCGGTCCC
CAAAGGGATG-3′ and TNF-α reverse, 5′-TTGAGATC
CATGCCGTTGGC-3′; TPH1 forward, 5′-TCAAAAA
CTGGCAACGTGCT-3′ and TPH1 reverse, 5′-TACTTC
AGTCCAAACGGGCG-3′; RPL4 forward, 5′-GAAGCT
CAGTCGGGCTTCTC-3′ and RPL4 reverse, 5′-ATGTC
GACGTCGCACTTCAT-3′. Quantitative PCR was per-
formed with the 7500 Fast Real-Time PCR System (Ap-
plied Biosystems, Waltham, MA). Relative expression of
Tnf and Tph1 in unstimulated BMMCs was calculated
based on ΔCt with Rpl4 used as the endogenous control
gene. Relative expression of Esr1, Esr2, Gper1, Ar, Pgr, and
Pgrmc2 in unstimulated BMMCs was calculated based on
ΔCt with Hrpt used as the endogenous control gene.
Changes in mRNA levels of Tnf, Il6, Il1β, Il4, Il13, and
Ccl3 in IgE-DNP stimulated BMMCs were normalized to
Hrpt and relative to time point 0 h.

Phosphotyrosine expression
IgE-primed BMMCs were stimulated with 62 ng/ml of
DNP-BSA for 7 min in complete medium. Cell lysates
were then collected as described above and quantified
using a BCA reagent assay (Thermo Scientific). Samples

were separated by SDS-polyacrylamide gel electrophor-
esis (Bio-Rad) on a 4–12% XT Bis-Tris Gel (Bio-Rad)
and transferred to PVDF membrane (Bio-Rad). Blots were
probed with Phospho-Tyrosine Mouse mAb (P-Tyr-100)
and visualized with appropriate secondary antibody (both
from Cell Signaling Technology). Bands were visualized
with ChemiDoc MP imager (Bio-Rad). Densitometric
analysis was performed using Image Lab Software (Bio-
Rad) and values were normalized with β-actin.

Ca2+ mobilization experiments
BMMCs (1.25 × 106 cells/ml) were suspended in buffer
(HBSS with 20 mM HEPES) with Fluo-4 AM (Molecu-
lar Probes, Eugene, OR) at 37 °C for 1 h. DNP-HSA
(62 ng/ml) was then added to IgE-primed BMMCs, and
Ca2+ ionophore (1 μM) was added to unprimed
BMMCs. Fluo-4 AM fluorescence was monitored over
2 min using a microplate fluorometer (Fluoroskan As-
cent FL, Thermo Lab Systems) with excitation at
494 nm and emission at 516 nm. Measurements were
normalized to baseline fluorescence to evaluate calcium
mobilization in the stimulated condition. Peak fluores-
cence was calculated as the highest fluorescence value
within 2 min of stimulation and corrected with the
fluorescence value at time zero.

Transmission electron microscopy
Peritoneal cells were collected as described above. Periton-
eal cells were then pelleted, supernatant was removed, and
cells were fixed with Trump’s fixative [29]. Samples were
post-fixed for 1 h in 1% osmium tetroxide/0.15 M sodium
phosphate buffer, dehydrated through a graded series of
ethanols, and embedded in PolyBed 812 epoxy resin (Poly-
sciences, Warrington, PA). Using a diamond knife, 70-nm
sections were cut and mounted on 200-mesh copper
grids, then stained with 4% aqueous uranyl acetate for
15 min and Reynolds’ lead citrate for 8 min [30]. Samples
were observed using a LEO EM910 transmission electron
microscope operating at 80 kV (Carl Zeiss SMT, Inc.,
Peabody, MA) and digital images were acquired with a
Gatan Orius SC1000 CCD Digital Camera with Digital
Micrograph 3.11.0 (Gatan, Inc., Pleasanton, CA).

Estrous cycle characterization
Vaginal cytology was performed on adult female mice
using a fine tip pipette filled with approximately 10 μL
of physiological saline flushed into the vagina. Collected
cells were then examined by light microscopy to identify
predominant cell types and assign estrus cycle stage
(proestrus, estrus, metestrus, diestrus) as previously
described [31]. Data from metestrus and diestrus were
pooled considering the short duration of metestrus
(5–6 h) and plasma estrogen concentrations do not
differ at these stages [32]. Female mice were vaginally
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lavaged daily for at least two consecutive estrous cy-
cles and immediately prior to use in experiments. All
females in the current study were regularly cycling.
Male mice were handled in a similar manner.

High throughput RNA sequencing
RNA was extracted from unstimulated BMMCs (1.0 × 107)
derived from 2-month-old C57BL/6 male and female mice
(n = 3/sex) using an RNeasy minikit (QIAGEN). Total
RNA was sent to the North Carolina State University Gen-
omic Sciences Lab for library preparation and sequencing.
Prior to RNA library preparation and sequencing, RNA
quality and concentration were first checked on the Bioa-
nalyzer 2100 with an RNA 6000 Nano Chip (Agilent Tech-
nologies Inc., Santa Clara, CA). RIN values were >9.8 for
all samples. Poly-A mRNA was purified using the oligo-dT
beads provided in the NEBNext Poly(A) mRNA Magnetic
Isolation Module (New England BioLabs, Ipswich, MA).
Libraries were prepared using the NEBNext Ultra Dir-

ectional RNA Library Prep Kit for Illumina and indexed
with the NEBNext Mulitplex Oligos for Illumina. Briefly,
the Poly-A mRNA was chemically fragmented and
primed with random oligos for first-strand synthesis
with a heating step of 94 °C for 5 min. First-strand syn-
thesis was performed with an incubation time of 10 min
at 25 °C, 50 min at 42 °C, and 15 min at 70 °C. Second-
strand synthesis was performed with dUTPs to preserve
strand orientation information. The sample was purified,
end repaired, and dA-tailed, and NEBNext adaptors were
ligated. The ligation reaction was purified according to
the protocol for a 450-bp insert, and a 15-cycle PCR
amplification was performed, in which an index se-
quence was incorporated. The PCR product was purified
and libraries were checked for quality and concentration
on the Bioanalyzer 2100 with a High Sensitivity DNA
Chip (Agilent). Libraries were pooled in equal molar
amounts and sequenced on the Illumina HiSeq 2500
generating 100-bp SE reads. Each sample generated over
25 million SE reads.
Reads were trimmed of adapter sequences (Trimmo-

matic 0.32) to remove the TruSeq3-indexed adapter.
Reads were aligned to the GRCm38 mouse genome
using the TopHat2 program. The CuffDiff program was
performed to determine differential expression with a
significance cutoff of P < 0.05.

Statistics
Data are represented as the mean ± standard error of the
mean (SEM). Statistical analysis using GraphPad Prism 7
software was performed. Two-way ANOVA was used
when appropriate, followed by Bonferroni post hoc ana-
lysis. Two-way repeated measures ANOVA was used to
evaluate rectal temperature and clinical scoring in pas-
sive systemic anaphylaxis (PSA) model, followed by the

Bonferroni post hoc analysis. One-way ANOVA was
used for comparison of more than two groups, followed
by Tukey’s multiple comparison test. Unpaired Student’s
t test or Mann-Whitney U test as appropriate was ap-
plied to compare differences between two groups. The
sample size for each experiment was based upon previ-
ous studies and were repeated as indicated in the figure
legends. Differences between groups were considered
significant at P < 0.05.

Results
MC responses to immunological stress are sexually
dimorphic
To investigate whether female and male mice exhibited
differences in MC activation, we used a well-
characterized MC-dependent model of PSA. Adult male
and female mice were sensitized with mouse anti-DNP
IgE monoclonal antibody, via i.p. injection and then
challenged 24 h later with DNP to induce anaphylaxis.
Body temperature, clinical scores, and serum histamine
were measured as direct and indirect markers of MC ac-
tivity. Compared with male mice, female mice exhibited
a trend for more severe hypothermia when measured
over the 120-min post-PSA induction (F(1,14) = 4.118,
p = 0.0619 for sex effect; F(8.112) = 116.5, p < 0.0001 for
time effect, interaction: F(8,112) = 5.05, p < 0.0001)
while the peak drop in body temperature was signifi-
cantly greater in females (Δ body temp = −4.53 ± 0.38 °C
vs. −6.29 ± 0.45 °C in male and female mice, respectively;
p < 0.05) (Fig. 1a, b). There was also a trend for female
mice to exhibit more severe clinical symptoms of anaphyl-
axis, as indicated by increased clinical scores compared
with male mice (F(1,14) = 3.239, p = 0.0935 for sex effect,
F(13,182) = 29.11, p < 0.0001 for time effect; Fig. 1c).
Serum levels of the MC granule mediator histamine,
which is responsible for increased vascular permeability
and symptoms of anaphylaxis including hyperemia,
swelling, and hypothermia [33] were greater (by 1.8-
fold) in female mice (2032 ± 64 ng/mL) compared with
male mice (1121 ± 67 ng/mL) (F(1,12) = 96.8, p < 0.0001
for sex effect, F(1,12) = 1032, p < 0.0001 for treatment ef-
fect, interaction: F(1,12) = 93.7, p < 0.0001; Fig. 1d). To
confirm tissue MC degranulation, we evaluated tissue
MCs via toluidine blue staining in intestinal mesentery
windows. While extensive degranulation was observed
in response to PSA, there was no noticeable difference
in MC activation patterns, such as extent of degranula-
tion or percentage of MCs degranulated, between males
and females (Fig. 1e). In addition, there were compar-
able numbers of MCs present in the intestinal mesen-
tery of male and female mice, thus suggesting that
heightened anaphylactic responses were not a result of
increased MC numbers in female mice (Fig. 1f ).
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MC responses to psychological stress are sexually
dimorphic
To determine if the heightened MC responses and
pathophysiology exhibited in female mice was specific to
the IgE-dependent PSA model, we also measured MC
responses (through serum histamine levels) between
males and females in a non-IgE-dependent model of
psychological RS. Female and male mice were subjected
to short periods (15 min, 30 min, 1 h) of RS, after which
serum histamine was measured. Restraint stress induced
an elevation in serum histamine that was greater in fe-
male mice as compared to male mice, most notably at
the 15-min time point (101.6 ± 9.906 vs. 52.39 ± 3.086,
F(1,44) = 10.62, p =0.0022 for sex effect, F(3,44) = 13.1,
p < 0.0001 for time effect) (Fig. 2a). Toluidine blue
staining of intestinal mesentery confirmed that RS
led to MC degranulation in both male and female mice
(Fig. 2b). Intestinal permeability, a MC-dependent patho-
physiologic response to RS, was measured on Ussing
chambers following 1 h of RS and revealed similar findings
to serum histamine in that female mice exhibited greater
RS-induced intestinal permeability compared with males

(F(1,9) = 6.563, p = 0.0306 for sex effect, F(1,9) = 57.03,
p < 0.0001 for stress effect; Fig. 2c). Corticosterone,
the main glucocorticoid involved in stress responses
in rodents, was similarly elevated in male and female
mice after RS demonstrating a similar activation of the
hypothalamic-pituitary-adrenal axis (HPA) response in-
duced by RS in both sexes (F(1,30) = 61.5, p < 0.0001 for
stress effect; Fig. 2d). Because previous studies have shown
that stress can alter the secretion of sex steroids by inter-
fering with the hypothalamic pituitary-gonadal axis, we
determined whether serum concentrations of estradiol or
testosterone differed between male and female mice in re-
sponse to RS. As expected, serum estradiol was higher in
female mice compared with male mice under control,
non-stressed conditions (Fig. 2e). However, restraint stress
reduced serum estradiol in female mice which was in line
with previously published work [34]. However, serum
estradiol levels remained unaltered when measured at 1 h
after RS in male mice (F(1,28) = 4.629, p = 0.0402 for
interaction; Fig. 2e). Also comparable to previous studies
[35], testosterone levels were not reduced in males in re-
sponse to restraint stress (Fig. 2f). Serum testosterone

A B C

D E F

Fig. 1 PSA-induced anaphylaxis and serum histamine levels in female and male C57BL/6 mice. a Both male and female mice showed a decrease
in body temperature after injection with IgE anti-DNP antibody (10 μg/mouse, i.p.), followed 24 h later with vehicle (PBS i.p., n = 4/sex) or DNP-HSA
(500 μg/mouse, i.p., n = 8/sex). Female mice exhibited a trend (p < 0.06); Two-way ANOVA on repeated measures) (p < 0.05 with individual t-tests at
each time point) of lower body temperature than male mice after anaphylaxis challenge along with females demonstrating more severe peak
temperature drop (b). c Over the 120-min PSA challenge, females exhibited a trend of increased clinical scores of anaphylaxis, compared to males, a
difference that was statistically significant around the peak of symptoms at 60 min. d Serum levels of histamine, as measured by ELISA 30 min
after DNP (values represent results from one individual experiment with n = 4 animals/sex; results were replicated in three independent experi-
ments) showed that both male and female mice had an increase in histamine, and the increase was greater for females. e Representative pho-
tomicrographs of intestinal mesentery from male and female mice stained with toluidine blue showing increased degranulation in DNP-
treated animals; original magnification, ×100, bar = 20 μM. f The number of mast cells was similar in female and male mice. Mast cells were
counted in five randomly chosen fields per mouse. Values represent mean ± SE. †P < 0.10, *P < 0.05, #P < 0.0001
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measurements were below the limit of detection for fe-
male mice in our experiments (data not shown). Together,
results from the PSA and RS models indicate that female
mice display heightened MC activation in response to di-
verse immunological and psychological stressors which
was associated with more severe MC-associated clinical
and tissue pathophysiology.

Female BMMCs exhibit increased degranulation and
granule mediator release
Our in vivo experiments in PSA and RS models demon-
strated that females released greater amounts of histamine
and exhibited heightened MC-associated pathophysiology.
To gain further insight into this sexually dimorphic
response, we determined whether male and female MCs
exhibited different functional and (or) morphological
characteristics, utilizing primary bone marrow-derived
mast cells (BMMCs) derived from adult male and female
mice. BMMCs were sensitized overnight with DNP-
specific IgE (1 μg/mL), followed by DNP-HSA to induce
FcεR1 cross-linking and degranulation after which MC
granule mediators were measured in the supernatants.
Compared with IgE/DNP-stimulated BMMCs derived
from males, BMMCs derived from females exhibited a

greater release of β-hexosaminidase (a MC granule
marker) at multiple time points of stimulus (Fig. 3a; F(1,17)
= 59.32, p < 0.0001 for sex effect, F(4,17) = 223.1, p < 0.0001
for time effect, interaction: F(4,17) = 3.23, p = 0.0383; Fig. 3a)
and at multiple concentrations of IgE-DNP (Fig. 3b). Fe-
male BMMCs also released more histamine (by 1.7-fold),
tryptase (by 2.8-fold), and TNF-α (by 4.2-fold) in response
to IgE/DNP compared with male BMMCs (Fig. 3c–e).
Spontaneous degranulation in unstimulated conditions
was not different between male and female BMMCs with
regard to any mediators except histamine where female
BMMCs had slightly higher spontaneous release in un-
stimulated conditions (Additional file 1: Figure S1). All
stimulated mediator release was corrected with unstimu-
lated controls. Therefore, differences in spontaneous de-
granulation were not the cause of the increased mediator
release found in female BMMCs. Also, there were no no-
ticeable difference in the morphologic appearance be-
tween unstimulated male and female BMMCs upon
visualization of toluidine blue-stained slides of
BMMCs(Additional file 1: Figure S1). Despite an ex-
pected upregulation of mRNA expression for multiple
cytokines following IgE/DNP stimulation in BMMCs,
there were no differences between male and female

A B C

D E F

Fig. 2 Psychological RS-induced intestinal permeability and serum histamine levels in female and male C57BL/6 mice. a After experiencing
15 min (n = 6/sex), 30 min (n = 6/male, n = 12/female), and 1 h (n = 5/sex) of restraint stress (RS), females exhibited a statistically significant increase in
serum histamine (t-test; p<0.05), as measured by ELISA, compared to males. b Representative photomicrographs of intestinal mesentery from male and
female mice stained with toluidine blue showing increased degranulation in RS animals; original magnification, ×20, bar = 100 μM, inset; ×100, bar =
20 μM. c Distal ileum harvested after RS demonstrated increased permeability for both females and males, compared to baseline (n = 3–4/sex).
After RS, female intestinal permeability was 0.0223 ng cm2/h and male intestinal permeability was 0.0137 ng cm2/h. d Serum corticosterone in-
creased similarly in male and female mice after 30 min RS (n = 6/male, n = 12/female). e Serum estradiol decreased in female mice after
30 min of RS (n = 6/male, n = 12/female). f Serum testosterone levels were similar in males before and after RS (n = 6). Values represent mean
± SE, *P < 0.05, **P<0.01 vs. other treatments
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BMMCs, with the exception of moderately increased
expression of IL-1β in male-stimulated BMMCs (F(1,12) =
5.255, p = 0.0408 for effect, F(2,12) = 15.31, p = 0.0005 for
time effect; Additional file 2: Figure S2A-F).

Female and male BMMCs exhibit similar induction of
FcεRI-mediated phosphotyrosine signaling and intracellular
Ca2+ mobilization
To determine the mechanisms that led to increased MC
degranulation responses in female MCs, we performed
Western blotting to measure FcεR1-mediated tyrosine
phosphorylation signaling, a critical upstream signaling
event in IgE-mediated MC activation [14], in female and
male BMMCs. As expected, IgE-FcεR1 cross-linking in-
duced a robust tyrosine phosphorylation of numerous
proteins that were increased in response to IgE-DNP
treatment. However, P-tyrosine phosphorylation pat-
terns were similar between female and male BMMCs
(Fig. 4a, b). We next investigated whether differences
existed in downstream MC degranulation signaling
events. Specifically, we compared FcεRI-mediated intra-
cellular Ca2+ mobilization responses in male and female
BMMCs. Ca2+ release from intracellular endoplasmic
reticulum stores and subsequent extracellular Ca2+ entry
through store-operated Ca2+ entry (SOCE) channels are
major downstream signaling events required for MC gran-
ule fusion with the plasma membrane and granule exocyt-
osis [36]. Similar to P-tyrosine data, IgE/DNP induced a

robust increase in intracellular Ca2+; however, no differ-
ences were observed between male and female BMMCs
(Fig. 4c, d). Together, these data suggest that heightened
MC degranulation responses in female MCs were not due
to differences in upstream receptor-mediated signaling or
downstream Ca2+ mobilization mechanisms.

Female MCs contain more granule-associated mediators
Given the lack of significant differences in MC signaling
pathways described above, we next reasoned that the in-
creased mediator release in female MCs could be due to
increased MC granule mediators. Measurement of MC
granule mediators in unstimulated cell pellets indeed re-
vealed that female BMMCs contained significantly
higher concentrations of tryptase, chymase, and hista-
mine, compared with male BMMCs, (Fig. a–c). To con-
firm that increased MC granule mediator content in
female MCs was not restricted to in vitro cultured
BMMCs, we isolated tissue resident MCs from the peri-
toneal cavity of male and female mice and measured the
cellular histamine content. Consistent with the BMMC
results, female pMCs contained significantly greater his-
tamine content compared with male pMCs (Fig. 5d).
The increased histamine content in female MCs was also
confirmed in rat pMCs (Fig. 5e), demonstrating that in-
creased MC mediator content in females was not spe-
cific to mice. To further characterize the differences in
female and male MCs, we evaluated mouse pMCs at the

A B C D

E

Fig. 3 Female BMMCs release more preformed mediators in response to IgE-mediated degranulation. BMMCs were sensitized with anti-DNP IgE
(1 μg/mL) overnight and later stimulated with DNP-HSA. a Male and female BMMCs were stimulated with 0, 15, 31, and 62 ng/mL of DNP-HSA
for 1 h and female BMMCs exhibited elevated β-hexosaminidase release at all DNP concentrations (P < 0.05; n = 6). b Compared with male
BMMCs, female BMMCs had an increased release of β-hexosaminidase after 30, 45, 60, and 90 min of DNP-HSA stimulus (62 ng/mL). c Female
BMMCs released 141.9 ng/106 cells of histamine into supernatant and male BMMCs released 83.7 ng/106 cells of histamine after 1 h DNP stimulus
(62 ng/mL) (P < 0.001; n = 5). d Tryptic activity from female BMMCs increased to 5.3 after degranulation, and tryptic activity from male BMMCs was
1.9 after degranulation with 1 h DNP stimulus (62 ng/mL) (P < 0.05; n = 6). e Female BMMCs released 107.4 pg of TNF-α into supernatant and male
BMMCs released 25.5 pg after 1 h DNP stimulus (62 ng/mL) (P < 0.001; n = 5). All mediator release was normalized to unstimulated cells of respective
sex. Values represent mean ± SE. #P = 0.10 *P < 0.05, **P<0.01 ***P < 0.001 vs. males
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ultrastructural level using TEM [26]. In agreement with
MC mediator data, MC granules from female pMCs
visually had increased density compared with male
pMCs (Fig. 5f ). Together, these data demonstrate that
MCs from females contain more granule-associated im-
mune mediators compared with male MCs.
As an additional functional experiment to confirm that

the increased granule mediator content in female mice
was contributing to heightened mediator release during
degranulation, we measured MC degranulation and Ca2+

mobilization in BMMCs in response to the Ca2+ iono-
phore A23187, which acts downstream of receptor activa-
tion to trigger Ca2+ influx and MC degranulation. Similar
to IgE/DNP-stimulation responses, female BMMCs re-
leased greater amounts of β-hexosaminidase, histamine,
tryptase, and TNF-α in response to A23187 than male
BMMCs. Also in line with IgE/DNP stimulation, there
were no differences in Ca2+ mobilization responses be-
tween male and female BMMCs (Fig. 6a–f ).

Sexual dimorphic MC responses are not influenced by
estrous cycle
The estrous cycle, characterized by fluctuations of ovarian
steroid hormones, has been shown to influence MC dens-
ity and phenotype in multiple rodent tissues [37, 38].
Therefore, we sought to evaluate whether the estrous
cycle was influencing the sexually dimorphic MC

pathophysiology and phenotype demonstrated in the
present study. Serum histamine levels following RS did
not differ between female mice in different stages of the
estrous cycle (Fig. 7a). Similarly, no differences were found
in histamine content of pMCs in female mice with regard
to the estrous cycle (Fig. 7b). Interestingly, a mildly in-
creased number of pMCs was found in female mice in
proestrus and estrus in comparison to Met/Diestrus, simi-
lar to findings previously discovered in rat mammary
gland tissue (F(3,14) = 4.303, p = 0.0239; Fig. 7c) [39].
Sex steroid hormones, in particular estradiol, have been

previously demonstrated to induce mild degranulation in
BMMCs [19, 21]. Therefore, we evaluated whether sex
steroid receptors were differentially expressed on male
and female BMMCs, providing another potential mechan-
ism for increased MC degranulation responses in female
BMMCS. These studies revealed that female BMMCs had
higher mRNA expression of Esr1 and Ar correlating to es-
trogen receptor α and androgen receptor, respectively
(Additional file 3: Figure S3A-F).

Transcriptomic analysis in BMMCs reveals sexual
dimorphism
To gain a more fundamental understanding of why MCs
from females contained increased MC granule mediators,
we profiled the gene expression patterns in MCs from
males and females using RNA sequencing technology

A B

C D

Fig. 4 FcεRI-mediated p-tyrosine expression and Ca2+ mobilization in female and male murine BMMCs. After sensitization with anti-DNP IgE,
BMMCs were stimulated with DNP-HSA (62 ng/ml) for 7 min. Results from female and male BMMCs showed no differences in a tyrosine
phosphorylation of proteins after FcεRI engagement, b quantification of tyrosine-phosphorylated proteins (n = 4), or Ca2+ influx as indicated by
Ca2+ tracings (c) and quantified as the d change in peak fluorescence (n = 3). Values represent mean ± SE
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(Illumina HiSeq 2500) with RNA extracted from unstimu-
lated BMMCs (1.0 × 107 cells). Remarkably, a total of 8233
genes were expressed differentially between male and fe-
male BMMCs (Fig. 8a). This finding demonstrates that,
while male and female cells are generally assumed to have
very similar autosomal genomes, the expression of the
genome can vary immensely between the sexes. The Xist
gene, which is exclusively expressed from the inactive X
chromosome in females, had the greatest differential
expression in females (9.9-fold) [40]. Similarly, two Y
chromosome genes, Eif2s3y and Kdm5d, had the greatest
differential expression in males (7.6-fold and 8.6-fold, re-
spectively). These results validate RNA sequencing to de-
termine sex-specific differences in BMMCs.
We next evaluated gene ontology for biological pro-

cesses between male and female BMMCs using Protein
ANalysis THrough Evolutionary Relationships software
(PANTHER), focusing on the genes with >2-fold differ-
ence in expression (Fig. 8b). Interestingly, MCs from fe-
males had more than twice as many upregulated genes
(552 vs. 250 genes) involved in biological processes com-
pared with MCs from males. Of particular interest to
our current findings, the metabolic processes category

had 300 genes upregulated in females vs. 89 in males,
and within this category, biosynthetic processes had 35
genes upregulated in females and only 1 in males. Fe-
male BMMCs also exhibited higher expression of genes
in cellular processes, especially genes involved in the cell
cycle, as well as higher expression of genes in cellular
component organization and biogenesis than male
BMMCs.
Considering our findings that female MCs contain

more intracellular granule mediators than male MCs, we
next investigated whether genes for immune mediators
known to be stored in preformed granules of MCs were
upregulated in females (Table 1). We found that Tnf
gene expression was 3.48-fold higher in female BMMCs.
Mast cell protease 1, which is a β-chymase often
associated with mucosal MCs and abundantly found in
BMMCs, was found to be 2.70-fold higher in female
BMMCs [41]. Mcpt2, mcpt4, and mcpt8 were also found
to have higher gene expression in female BMMCs than
male BMMCs, as well as the gene for the alpha subunit
of the lysosomal hydrolase β-hexosaminidase, Hexa.
Surprisingly, tryptase beta 2 was found to be downreg-

ulated in female BMMCs, which does not correlate with

A B C

D E F

Fig. 5 Female mast cells contain more granule-associated mediators than male mast cells. a The total tryptic activity of unstimulated female
BMMCs was higher than that of male BMMCs (21.2 vs. 14.5; P < 0.01; n = 5). b The total chymase activity of unstimulated female BMMCs was
higher than that of male BMMCs (9.0 vs. 6.4; P < 0.01; n = 3). c The total histamine content of unstimulated female BMMCs was higher than that
of male BMMCs (827.7 vs. 487.8; P < 0.05; n = 5). d The total histamine content of female mouse pMCs was higher than that of male pMCs (35,489
vs. 22,673; P < 0.01; n = 7/male, n = 11/female). e The total histamine content of pMCs from female rats was higher than that of male rat pMCs
(71,806 vs. 43,167; P < 0.001 n = 3). f Representative images of peritoneal mast cells recovered and pooled from five, 8-week-old male and female
C57BL/6 mice and analyzed by TEM. Scale bar = 2 μm. All values were normalized to cell number. Values represent mean ± SE. *P < 0.05, **P < 0.01,
***P < 0.001 vs. males
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our finding that female mast cells have increased tryptic
activity. However, while protein concentration generally
correlates with the abundance of the corresponding
mRNAs, regulation of post-transcription, translation, and
protein degradation determines functional protein abun-
dance [42]. Gene expression for the most abundant MC-

associated cathepsins (G, C, L, and S [43]) were all upregu-
lated in females. Gene expression of key enzymes involved
in the first steps of synthesizing histidine and tryptophan,
phosphoribosyl pyrophosphate synthetase 1 and 2, were
found to be upregulated in female BMMCs as well as a
gene for the enzyme tryptophan hydroxylase, which

Fig. 7 Influence of the estrous cycle on serum histamine response and tissue MC histamine content and number. a After experiencing 30 min of
RS, serum histamine levels were similar between female mice in all stages of the estrous cycle. b The total histamine content of mouse female
pMCs was similar at each stage of the estrous cycle. c During proestrus and estrus, female mice had higher numbers of pMCs than male mice.
Values represent mean ± SE. *P < 0.05 vs. males

A B C

D E F

Fig. 6 A23187-induced degranulation and Ca2+ mobilization in female and male murine BMMCs. BMMCs were stimulated for 1 h with the Ca2+

ionophore, A23187 (1 μM). a BMMCs from females showed a 50.6% increase in β-hexosaminidase release and male BMMCs showed a 39.9% in-
crease, a difference that was significant (P < 0.001; n = 6). b Female BMMCs released 406.1 ng/106 cells of histamine into supernatant and male
BMMCs released 159.3 ng/106 cells of histamine (P < 0.001; n = 5). c Tryptic activity (ΔOD405/min/106 cells) from female BMMCs increased to 7.6
after degranulation, and tryptic activity from male BMMCs was 3.2 after degranulation (P < 0.001; n = 4). d Female BMMCs released 165.7 pg of
TNF-α into supernatant and male BMMCs released 103.4 pg (P < 0.01; n = 4). All mediator release was normalized to unstimulated cells of
respective sex. e Female and male BMMCs exhibited similar Ca2+ influx as measured by e Ca2+ tracings and quantified as the f change in peak
fluorescence after stimulation with A23187 (1 μM). Values represent mean ± SE. **P < 0.01, ***P < 0.001 vs. males
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converts tryptophan to serotonin [44–46]. Together, these
data demonstrate a higher expression in females than
males of numerous genes involved in forming immune me-
diators that are stored in preformed secretory granules in
BMMCs and further support our findings in vitro.
We also evaluated whether genes involved in MC

granule biogenesis and maturation were increased in fe-
male MCs because of the increased mediator content
found in the granules of female MCs (Table 2). Srm,
Odc1, and Sms, which are genes involved in polyamine
synthesis and therefore granule maturation, were upreg-
ulated in female BMMCs [47]. Another gene involved in
granule maturation that was upregulated in female mast
cells was Bhlha15, which is also referred to as Mist1.
Rab5 is a small GTPase known to play an important role
in granule biogenesis in mast cells, and the gene Rab5c
was upregulated in females [48]. Genes Ap1m1 and M6pr,
which code for proteins that sort mediators into vesicles/
granules, were upregulated in female BMMCs [49, 50].
Many genes in the Atp6v family, which correspond to pro-
teins that help acidify granule lumens, were also upregu-
lated in female BMMCs, and two were upregulated in
male BMMCs [51]. Two notable genes involved in granule
formation and vacuole acidification, Lyst and Slc18a2 ,
were downregulated in females [52, 53].
Our data demonstrating higher protein levels of hista-

mine, tryptase, and chymase in female BMMCs, along
with increased mRNA expression in female BMMCs for
Tnf and Tph1 genes with qRT-PCR (Additional file 4:
Figure S4 A-B), agree with the differential gene expression

discovered through RNA sequencing. Overall, these find-
ings indicate that MCs derived from females have in-
creased expression of many genes involved in granule
biogenesis and maturation compared to MCs from males.
The differences in gene expression may explain the forma-
tion of granules with increased mediator content found in
female MCs.

Discussion
The incidence, onset, and severity of many allergic, in-
flammatory diseases, and functional bowel diseases in
which the MC is a central perpetrator of pathology are
known to exhibit a sex difference. The mechanisms
underlying sex-related differences in these diseases re-
main poorly understood. Here, we demonstrate that
MCs from males and female mice exhibit distinct and
vast biological differences related to their transcriptome
and synthesis and storage of MC granule mediators.
These differences were associated with increased re-
lease of MC mediators and pathophysiological re-
sponses to allergic and psychological stress-induced
disease in females.
In the present study, female mice exhibited markedly

higher IgE-mediated serum histamine responses and more
severe anaphylaxis (clinical scores and hypothermia) com-
pared with male mice. Furthermore, we demonstrated that
heightened MC responses and associated pathophysiology
in female mice were not restricted to IgE-dependent
models of PSA, as female mice exposed to a psychological
RS exhibited greater serum histamine responses and

Fig. 8 Sexually dimorphic gene expression in BMMCs from C57BL/6 mice. a A total of 8233 genes were found to be differentially expressed
between 6-week-old male and female BMMCs using RNA-sequencing technology (Illumina HiSeq 2500) (n = 3). b There were many genes that
code for proteins involved in cellular processes and metabolic processes that were upregulated in females compared to males
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intestinal permeability without differences in cortico-
sterone secretions between the sexes. Findings from the
RS model have particular relevance to highly prevalent
functional GI disorders such as IBS, for which psycho-
logical stress is a major risk factor; females are two to four
times more likely than males to develop IBS [10, 54, 55].
Sex is increasingly understood to be an important vari-

able influencing disease, and more research models are
investigating these sex differences [11, 56]. Previous
studies addressing the influence of sex on MC responses
have focused primarily on the effects of sex hormones,
particularly the direct effects of estrogen on in vitro MC
degranulation [18–24]. These studies showed that estro-
gen signaling could enhance degranulation in MCs, indi-
cating a role for sex hormones in promoting MC
degranulation. Hox et al. [57] demonstrated that female
C57BL/6 mice developed more severe hypothermia in

response to PSA [57], which supports our findings in the
present study. The authors also showed that ovariectomy
reduced the magnitude of hypothermia; however, ovari-
ectomized female mice in their study were not directly
compared with a male cohort in that experiment and
thus could not conclude that estrogen alone was respon-
sible for the sex differences observed. In contrast to our
findings presented here, Hox et al. [57] reported that,
despite the increased hypothermia observed in female
mice in their study, there were no differences in serum
histamine responses between males and females in PSA.
One key difference that likely explains the differences
between our results and that from Hox et al. [57] is that
they measured serum histamine 90 s after inducing ana-
phylaxis, whereas we measured serum histamine 30 min
after inducing anaphylaxis, when serum histamine levels
have been shown to reach their peak values [58].

Table 1 Expression of genes in female BMMCs relative to male BMMCs, involved in forming immune mediators stored in mast cell
granules
Gene name Gene

symbol
Comments Statistics

Log2 fold change q value

Tumor necrosis factor Tnf Proinflammatory cytokine stored in preformed mast cell granules
(Gordon & Galli 1990 [81])

3.48 0.00016

Mast cell protease 1 Mcpt1 B-chymase involved in maintaining granule structure (Wastling 1998 [82])
and inflammation at mucosal sites [41]

2.70 0.015

Mast cell protease 2 Mcpt2 Enzymatically inactive chymase without known function (Caughley 2011 [83]) 0.64 0.00016

Mast cell protease 4 Mcpt4 Functional equivalent to human mast cell chymase (Caughley 2015 [43]) 0.39 0.037

Mast cell protease 8 Mcpt8 Serine protease more closely related to granzymes and cathepsin G than
chymases (Lutzelschwab 1998 [84])

1.71 0.00016

Tryptase beta 2 Tpsb2 Serine protease important for pathology in a variety of inflammatory
conditions (Payne 2004 [85])

−1.35 0.00016

Cathepsin B Ctsb Cysteine protease that processes protryptase to mature tryptase (Le 2011a [86]) 0.31 0.015

Cathepsin C Ctsc Cysteine protease that is an upstream activator of tryptases, chymases, and
cathepsin G (Caughley 2015 [43])

0.99 0.00016

Cathepsin G Ctsg Serine protease with tryptic and chymotryptic activity (Caughley 2007 [87]) 1.16 0.00016

Cathepsin H Ctsh Cysteine protease that may be involved in tumor progression (Schweiger 2004 [88]) 1.28 0.0099

Cathepsin K Ctsk Cysteine protease that degrades type 1 collagen (Bone 2004 [89]) 1.71 0.00016

Cathepsin L Ctsl Cysteine protease that processes protryptase to mature tryptase (Le 2011a [86]) 1.09 0.00016

Cathepsin S Ctss Cysteine protease linked to inflammatory processes such as atherosclerosis,
asthma, and atopic dermatitis [20]

1.28 0.00016

Cathepsin Z Ctsz Cysteine protease involved in enhanced metastasis in various cancers (Wang 2011 [90]) 1.02 0.00016

Cathepsin E Ctse Aspartic protease that processes procarboxypeptidase (Henningsson 2005 [91]) −2.05 0.00016

Cathepsin F Ctsf Cysteine protease most notably found in neural tissue (Tang 2006 [92]) −2.46 0.00016

Cathepsin O Ctso Cysteine protease with endoprotease activity (Zhang 2015 [93]) −1.09 0.00016

B-hexosaminidase subunit alpha Hexa Alpha subunit of the lysosomal hydrolase B-hexosaminidase, an important
enzyme in defense against pathogens (Fukuishi 2014 [94])

0.32 0.0038

Phosphoribosyl pyrophosphate
synthetase 1

Prps1 Key enzyme involved in histidine and tryptophan synthesis [68, 44] 2.45 0.00016

Phosphoribosyl pyrophosphate
synthetase 2

Prps2 Key enzyme involved in histidine and tryptophan synthesis [68, 44] 0.54 0.00074

Tryptophan hydroxylase 1 Tph1 Key enzyme in the synthesis of serotonin from tryptophan (Nowak 2012 [49]) 0.55 0.0011

Q values <0.05 are considered significant
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In the present study, we demonstrated that primary
MCs derived from female mice and rats possessed an in-
creased capacity for MC mediator synthesis and granule
storage compared with males. This resulted in an in-
creased amount of MC granule mediator release as dem-
onstrated by higher levels of β-hexosaminidase, TNF-α,
tryptase, and histamine upon FcεR1 crosslinking and
A12387-induced MC degranulation. As reported above,
previously published work suggests a role for the direct
stimulatory effects of estrogen on MC degranulation in
culture. The findings from the current study are differ-
ent from previous studies as we describe increased abil-
ity of female stem-cell derived MCs to synthesize and
store more mediators in the absence of exogenous estro-
gen. Thus, the sexually dimorphic effects on MC pheno-
type can be assumed to be predetermined. Our findings
are supported by a previous study showing that pMCs
from female rats had higher histamine levels than pMCs
from male rats (275.0 and 46.61 fluorescence intensity
units, respectively), but this was not statistically

significant, possibly due to a large standard deviation in
the data [59]. Our experiments in the present study also
confirmed that the elevated MC mediator release from
female MCs was not associated with increased upstream
p-tyrosine signaling pathways or downstream elevated
intracellular Ca2+ mobilization. These findings also cor-
roborated with our findings that female MCs exhibited
higher release of MC mediators in response to A21387,
a Ca2+ ionophore that degranulates MCs predominantly
via downstream influx of extracellular Ca2+. Overall,
these new findings are significant because they represent
a new mechanism, other than direct stimulatory effects
of sex hormones, which may contribute to the increased
prevalence and severity of MC-mediated diseases in
females.
There is epidemiological evidence that the estrous

cycle, characterized by fluctuations in sex hormones,
namely estrogen and progesterone, influences the sever-
ity of MC-associated disease in females [60–62]. Studies
in rodents have shown that in multiple tissues, MC

Table 2 Expression of genes in female BMMCs relative to male BMMCs, involving granule biogenesis and maturation
Gene name Gene

symbol
Comments Statistics

Log2 fold
change

q value

Spermidine synthetase Srm Synthesizes polyamines important in granule biogenesis and homeostasis,
including storage of histamine and proteases (Garcia-Faroldi, 2010 [47])

3.68 0.00016

Ornithine decarboxylase 1 Odc1 Synthesizes polyamines important in granule biogenesis and homeostasis,
including storage of histamine and proteases (Garcia-Faroldi, 2010 [47])

2.52 0.00016

Spermine synthetase Sms Synthesizes polyamines important in granule biogenesis and homesostasis,
including storage of histamine and proteases (Garcia-Faroldi, 2010 [47])

0.54 0.0045

Basic helix-loop-helix family,
member A15

Bhlha15 Important transcription factor in forming mature secretory granules in a
variety of specialized secretory cells (Tian 2010 [72])

3.42 0.00016

Rab5c, member of Ras oncogene family Rab5c Key regulator of mast cell granule fusion during biogenesis (Azouz 2014 [48]) 0.62 0.00032

Mannose-6-phosphate receptor M6pr Transports glycosylated proteins, such as lysosomal hydrolases and TNF,
into vesicles (Coutinho 2012 [50], Olszewski 2006 [73])

0.43 0.00016

Adaptor protein 1A complex Ap1m1 Protein necessary for the sorting of proteins into vesicles and secretory
granule maturation (Bonnemaison 2014 [49])

0.36 0.0033

ATPase, H+ transporting, lysosomal
16 kDa, V0 subunit c

Atp6v0c Component of a vacuolar type H+ ATPase that acidifies granule lumen for
condensation of granule contents (Borges 2011)

0.69 0.00016

ATPase, H+ transporting, lysosomal
50/57 kDa, V1 subunit H

Atp6v1h Component of a vacuolar type H+ ATPase that acidifies granule lumen for
condensation of granule contents (Borges 2011)

0.52 0.00016

ATPase, H+ transporting, lysosomal
V0 subunit a2

Atp6v0a2 Component of a vacuolar type H+ ATPase that acidifies granule lumen for
condensation of granule contents (Borges 2011)

0.46 0.00016

ATPase, H+ transporting, lysosomal
50/57 kDa, V1 subunit H

Atp6v1a Component of a vacuolar type H+ ATPase that acidifies granule lumen for
condensation of granule contents (Borges 2011)

0.42 0.020

ATPase, H+ transporting, lysosomal
9 kDa, V0 subunit e1

Atp6v0e Component of a vacuolar type H+ ATPase that acidifies granule lumen for
condensation of granule contents (Borges 2011)

0.32 0.0044

ATPase, H+ transporting, lysosomal
34 kDa, V1 subunit D

Atp6v1d Component of a vacuolar type H+ ATPase that acidifies granule lumen for
condensation of granule contents (Borges 2011)

−0.24 0.038

ATPase, H+ transporting, lysosomal
13 kDa, V1 subunit G2

Atp6v1g2 Component of a vacuolar type H+ ATPase that acidifies granule lumen for
condensation of granule contents (Borges 2011)

−1.84 0.00016

Lysosomal trafficking regulator Lyst Important regulator of granule formation (Durchfort 2012 [95], Hammel 2010 [52]) −1.29 0.00016

Solute carrier family 18, member 2 Slc18a2 Transports histamine and serotonin into granules (Merickel 1995 [96]) −0.92 0.00016
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presence and staining properties can be influenced by
stage of estrous cycle [37–39]. In the present study,
serum histamine levels after RS and histamine content
in pMCS were independent of estrous cycle stage, while
slightly higher pMC numbers were found during proes-
trus and estrus in female mice. This suggests that the
sexually dimorphic responses seen in MC disease patho-
physiology were not dependent solely on the effects of
sex hormones, but instead, other factors must be in-
volved in programming the sexually dimorphic pheno-
type of the MC.
RNA sequencing analysis in BMMCs derived from

sexually mature female and male mice revealed that, at
baseline conditions (unstimulated), there were over 8000
differentially expressed genes. Specifically, our analysis
revealed upregulation of multiple genes associated with
the formation of immune mediators stored in preformed
granules, thus supporting our cell culture and in vivo
data. Sexually dimorphic gene expression has been dem-
onstrated in a wide variety of organisms from worms to
primates [63]. A study by Yang et al. [64] found that
mouse liver, adipose, and muscle tissue all had tissue-
specific sexually dimorphic gene expression, in which
thousands of genes were differentially expressed between
the sexes. Many studies have also demonstrated a large
number of differentially expressed genes between the
sexes in human tissues, such as peripheral blood, skeletal
muscle, T cells, and jejunum [40, 65–67]. Therefore, al-
though sex differences at the DNA level are restricted to
the sex chromosomes, transcription of DNA differs
widely between the sexes across many species and in
many tissues. Of particular relevance to our in vivo and
in vitro MC culture experiments was that the phosphori-
bosyl pyrophosphate synthetase enzymes were upregu-
lated in female BMMCs. These enzymes are crucial to
synthesize histidine and tryptophan, which are then con-
verted to the preformed immune mediators histamine
and serotonin, found in mast cell granules [44, 68].
Interestingly, the genes prps1 and prps2 map to the X
chromosome, and the rate of transcription of prps1 in
particular determines the rate of production for phos-
phoribosyl phosphate, which in turn can be converted to
histidine and tryptophan [69]. The increased biosyn-
thesis of these amino acids may lead to an increased
stock of product to be converted by histidine decarb-
oxylase and tryptophan hydrolase to histamine and sero-
tonin that are stored in mast cell granules. Therefore,
although the gene for histidine decarboxylase, an im-
portant enzyme in histamine synthesis and granule mat-
uration, was not upregulated in female BMMCs in the
present study; the increased histamine storage in female
BMMCs may be a result of the larger stores of histidine
to be converted into histamine [70]. In addition, the
gene for tryptophan hydrolase, the enzyme that converts

tryptophan to serotonin, was upregulated in female
BMMCs, suggesting that female MCs may contain
higher levels of serotonin through increased stores of
tryptophan and more enzyme for conversion. The gene
for TNF-α was one of the most differentially expressed
genes between male and female BMMCs, which corre-
lated with our finding that female BMMCs release more
TNF-α upon stimulation than male BMMCs. We also
discovered increased gene expression of multiple chy-
mases in female BMMCs as well as increased chymase
protein activity. Surprisingly, a gene for tryptase was
downregulated in female BMMCs even though female
BMMCs had greater tryptase activity. However, post-
transcriptional regulatory pathways influence functional
protein abundance, which may explain our findings [42].
Numerous cathepsins were upregulated in female
BMMCs and many of these cysteine proteases are up-
stream activators of the enzymatically inactive pro-
tryptase to the mature form of tryptase, which may be
another factor for the higher level of active tryptase
found in female BMMCs [43]. Taken together, the se-
quencing results here demonstrate sexual dimorphism in
MC gene expression which correlate with our in vivo
and in vitro experiments.
Another interesting finding is the higher gene expres-

sion in female BMMCs than male BMMCs of the three
main enzymes involved in polyamine synthesis. Poly-
amines are small polycations found in all mammalian
cells that are important for a variety of cellular functions
including chromatin condensation, DNA replication,
transcription, translation, and protein activation [71].
Polyamines have a unique role in MCs because they are
stored in MC granules and also necessary for dense core
formation and histamine storage in MC granules [47]
which also confirming our findings of increased hista-
mine content in female MCs.
A gene that was also highly upregulated in female

mast cells is Bhlha15, which is also referred to as Mist1.
MIST1 is a transcription factor associated with cells that
have high secretory activity, such as immunoglobulin se-
creting cells, alveolar breast lobular cells, and gastric
zymogenic cells [72]. Mist1-null mice were shown to
have small, underdeveloped secretory vesicles in zymo-
genic chief cells, demonstrating the importance of this
transcription factor in vesicle formation and maturation,
which may explain our findings in female MCs [72]. The
mannose-6-phosphate pathway has been implicated in
sorting glycosylated proteins with an M6P group (lyso-
somal hydrolases and TNF-α) into lysosomes [50, 73].
The mannose-6-phosphate receptor gene was upregu-
lated in female MCs, which potentially allows in-
creased transport of TNF-α and acid hydrolases (e.g.,
β-hexosaminidase) into female MC granules. The
adaptor protein 1A complex (AP-1A), encoded by
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Ap1m1, is known to facilitate protein entry into vesi-
cles, and blocking AP-1A led to the formation of im-
mature secretory granules in AtT-20 corticotrope
tumor cells [49]. The higher expression of this gene in
female BMMCs compared to male BMMCs could po-
tentially influence the increased storage of female MC
granules. Five genes involving the vacuolar type H+
ATPase (V-ATPase) were upregulated in females, and
two were downregulated. V-ATPase is involved in acid-
ifying granule lumens to condense the contents and,
therefore, may be involved in increasing the amount of
mediators stored in granules [51].
Upon pathways analysis, a particularly interesting find-

ing is that female BMMCs have higher expression of
genes involved in metabolic pathways, including many of
the biosynthetic and energy-generating pathways. Female
BMMCs also had higher gene expression in cellular
component organization and biogenesis than male
BMMCs, including ribosome biosynthesis. These find-
ings correlate with the ability of female MCs to be more
actively producing cells that store and release more im-
mune mediators than male MCs.
Regardless, there may be other factors involved in the

transcriptomic and phenotypic differences found be-
tween male and female MCs in our study. One possibil-
ity is that sex could be influencing the epigenetic code of
the cells causing sex-specific chromatin remodeling and,
therefore, regulating which genes are expressed. A previ-
ous study demonstrated that sex is an important factor
in DNA methylation status, which is important in alter-
ing chromatin structure and gene expression [74]. Estro-
gen can influence methylation patterns, and it is possible
that, in the stem cells we collected, sex hormones caused
epigenetic changes that had long-lasting effects on gen-
ome expression and stem cell development into MCs
[75, 76]. The complement of sex chromosomes in a cell
can also influence genome-wide DNA methylation in a
hormone-independent fashion, demonstrating that sex
hormones are not the only variable involved in the sex-
ual dimorphism seen in MCs [77].
The X chromosome contains approximately 1100

genes, many of which are involved in immunity [78]. Fe-
males inherit two X chromosomes, one of which is ran-
domly silenced during X chromosome inactivation, but
previous studies showed up to 7% of genes escape silen-
cing from the inactive X chromosome in mouse tissues
[79] and 15% in human cells [80]. The effect of gene es-
cape from X chromosome inactivation is not known, but
extra expression of genes potentially involved in immun-
ity may have large consequences on the development
and activity of the cell.
In summary, the data presented here demonstrate the

sexual dimorphism that exists in the transcriptome and
biology of MCs and in the pathophysiologic responses to

immunological and psychological stressors. Our data
here demonstrate that female rodent MCs possessed an
increased capacity to synthesize and store granule medi-
ators, contributing to the elevated release of MC granule
mediators and associated downstream pathophysio-
logical and clinical responses. These new findings are
likely to have important implications for diseases such as
allergy/anaphylaxis and IBS, where the prevalence and
disease severity is greater in females.

Conclusions
The present study demonstrates that MCs exhibit
marked, sexually dimorphic responses in that female
MCs exhibit increased synthesis, storage, and release of
MC granule-associated mediators that is independent of
the estrous cycle. Differences observed in female MCs
translated to a heightened tissue MC degranulation re-
sponse and more severe systemic and intestinal disease
activity in murine models of immunological and psycho-
logical stress. Together, these data provide a new under-
standing of the influence of biological sex on MC biology
and disease. Further elucidation of the mechanisms
driving sexual dimorphism in MCs could result in new
sex-specific therapeutic targets for stress-related MC dis-
orders exhibiting a female predominance including IBS
and allergy.

Additional files

Additional file 1: Figure S1. Basal release of histamine and
morphological appearance of female and male BMMCs. (a) Female
BMMCs released 36.0 ng/106 cells of histamine into supernatant and
male BMMCs released 19.4 ng/106 cells of histamine in unstimulated
conditions (P < 0.05; n = 5). (b) Representative photomicrographs of male
and female BMMCs showing no noticeable differences in cell morphology
between the sexes in unstimulated conditions. Values represent mean ± SE.
*P < 0.05 vs. males. (PDF 135 kb)

Additional file 2: Figure S2. Cytokine mRNA expression of IgE-DNP
stimulated female and male BMMCS. (a–f) Real-time quantitative PCR of
Tnf, Il6, Il1β, Il4, Il13, and Ccl3 mRNA transcripts from IgE-DNP stimulated
male and female BMMCs at 0, 1, 2, and 4 h normalized to Hrpt and
relative to 0 h (n = 3). Values represent mean ± SE. *P < 0.05. (PDF 83 kb)

Additional file 3: Figure S3. Sex steroid receptor gene expression in
female and male BMMCs. (a–f) Real-time quantitative PCR of Esr1, Esr2,
Gper1, Ar, Pgr, Pgrmc2 mRNA transcripts from unstimulated male and
female BMMCs normalized to Hrpt (n = 3). Values represent mean ± SE.
*P < 0.05, **P < 0.01 vs. males. (PDF 69 kb)

Additional file 4: Figure S4. Tnf and Tph1 gene expression in female
and male BMMCs. (a) Real-time quantitative PCR of Tnf mRNA transcripts
from 6 week-old male and female BMMCs normalized to Rpl4 (n = 3). (b)
Real-time quantitative PCR of Tph1 mRNA transcripts from 6 week-old
male and female BMMCs normalized to Rpl4 (n = 3). Values represent
mean ± SE. †P < 0.10, *P < 0.05 vs. males. (PDF 102 kb)
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Perinatal Androgens Drive Sex Differences in Mast Cell Phenotype 

and Severity of Mast Cell Disease  
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ABSTRACT 

Background: Highly prevalent and debilitating mast cell (MC)-associated immune 

disorders, exhibit a female sex bias in childhood and adulthood. We have previously 

demonstrated female mice exhibit greater serum histamine and more severe MC-

associated pathophysiology that coincided with an increased capacity of female MCs to 

synthesize and store immune mediators, compared with males. 

Objective: In this study, we investigated when in life MC sex differences emerge and 

the early life mechanisms shaping MC phenotype and associated disease 

pathophysiology, with a focus on perinatal androgens. 

Methods: MC responses and associated pathophysiology in IgE-mediated passive 

systemic anaphylaxis (PSA) were measured in gonadectomized (GDX) or sham-

operated (SHAM) male and female mice and prepubertal (14 d old) male and female 

mice. Testosterone propionate (100 μg sc qd) or vehicle was given to pregnant female 

mice E16-P0 and directly to pups for the first week of life generating control male (CM), 

control female (CF), perinatally androgenized female (AF), and perinatally androgenized 

male (AM) mice. In vitro MC studies were performed in bone marrow-derived mast cells 

from prepubertal mice and CM, CF, and AF mice before and after puberty. In vivo MC 

responses and associated pathophysiology to PSA were performed in GDX CM, CF, 

AM, and AF mice, MC-deficient KitW-sh/W-sh knock-in mice, and mice perinatally exposed 

to the anti-androgen, di-(2-ethylhexyl) phthalate (DEHP). 

Key Results: Prior to puberty, female mice exhibited exacerbated IgE-mediated 

anaphylaxis compared to males, which correlated with increased degranulation and 

mediator content in prepubertal female MCs. Perinatal androgen exposure reduced MC 
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responses and associated pathophysiology to IgE-mediated anaphylaxis. Perinatal 

androgen exposure in females masculinized MC phenotype and function regardless of 

pubertal status. MC-deficient KitW-sh/W-sh mice engrafted with CM, CF, and AF BMMCs 

demonstrated permanent organizational effects of perinatal androgens on mast cell 

function regardless of host sex. In addition, interference of physiologic perinatal 

androgen exposure by the endocrine disruptor DEHP exacerbated MC responses and 

associated pathophysiology to IgE-mediated anaphylaxis. 

Conclusions: Together, we demonstrate that sex differences in MC phenotype and 

disease susceptibility are established early in life by perinatal androgens. 

 

INTRODUCTION 

Sex-based disparities in immune responses are well-established. Women have 

reduced rates of viral, bacterial, and parasitic infections and mount more effective 

responses to vaccines [1, 2]. However, stronger immune responses in women increase 

their susceptibility to a variety of inflammatory conditions including allergic disease, 

autoimmune disease, and chronic pain disorders [3-9]. In childhood, similar sex 

disparities exist in immune responses. Female children have a higher prevalence of 

inflammatory conditions such as autoimmune diseases, chronic pain disorders, and 

certain allergic disorders [8, 10-15]. Further, female children are less vulnerable to 

infections and death and mount better responses to vaccines compared to male 

children [16-18]. Although reasons for sex differences in immune responses are 

multifaceted, it is likely that early life mechanisms are involved.  
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Mast cells (MC) are important effector cells of the immune system that are 

strategically located at host-environment interfaces and play critical roles in 

inflammatory diseases. MCs possess unique secretory granules that store potent 

immune mediators that are released upon a variety of stimuli, which trigger rapid 

physiologic effects such as changes in vascular and epithelial permeability and immune 

cell recruitment and activation [19]. Cytokines, chemokines, and lipid mediators are also 

synthesized de novo by MCs upon activation [19]. MCs are most well-known for their 

beneficial role in parasite clearance and their detrimental role in allergy, but are also 

recognized as main contributors in a variety of immune disorders including autoimmune 

disease and inflammatory pain [20, 21]. Further, MCs play important roles in 

orchestrating immune responses to infection and eliciting adaptive immune responses, 

including to vaccines [22]. Importantly, MCs are known to have sexually dimorphic 

activation patterns and phenotypes that influence sex-specific disease susceptibility [23, 

24].  

Perinatal exposure to androgens is an early life mechanism of sexual 

differentiation restricted to males that most notably permanently transforms tissues of 

the genitalia and the brain [25]. In addition, components of the immune system have 

been demonstrated to be permanently altered by the organizational action of androgens 

during the perinatal period. For example, early life androgen exposure altered female 

lymphocyte characteristics such as self-antigen recognition, overall number, cytokine 

responses, and antibody responses towards male phenotypes [26-30]. In our study, we 

investigate whether perinatal androgen exposure can permanently alter the MC to 

acquire a different functional response later in life. Here, we demonstrate that perinatal 
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androgen exposure reduces MC disease pathophysiology in adulthood and permanently 

programs MC activation patterns and phenotype.  

 

METHODS 
 
Ethics statement 
 

All experimental procedures were reviewed and approved by Michigan State 

University’s Institutional Animal Care and Use Committee (protocol 02/18-023-01). 

 

Animals 

C57BL/6J (stock no. 000664) and Kit W-sh/W-sh  (stock no. 012861) mice derived 

from founding colony breeders (The Jackson Laboratory, Bar Harbor, ME) were housed 

under specific pathogen-free conditions in facilities accredited by the Association for 

Assessment and Accreditation for Laboratory Care (AAALAC) International. Mice were 

group-housed with littermates in light- and temperature-controlled rooms and provided 

ad libitum access to water and a standard commercial rodent chow diet.   

Adult male Long Evans rats carrying the testicular feminization mutation (Tfm) of 

the androgen receptor and littermate wild-type male and female rats derived from 

founding colony breeders (Charles River, MA) were bred in the animal facilities of 

Michigan State University and genotyped using PCR as described [31]. Rats were 

group housed and provided ad libitum access to water and rodent chow.  
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Gonadectomy protocol 

Where indicated, animals were anesthetized under isoflurane anesthesia and 

gonadectomized (GDX) or sham-operated (SHAM) at 7-12 wk of age, using sterile 

techniques.  Briefly, under deep surgical anesthesia male mice were castrated via a 

single mid-scrotal incision and the testes were removed using a cautery pen (Gemini 

Cautery System, Braintree Scientific Inc., Braintree, MA). Hemostasis was verified and 

the skin incision was sutured closed. In female mice, two flank incisions were performed 

and the ovaries were located and exteriorized through the muscle wall. Ovaries were 

removed using a cautery pen and hemostasis was verified before suturing both the 

muscle and skin layers closed. In sham-operated mice the same procedures were 

performed without the removal of the testes or ovaries. Ketoprofen (Zoetis, Parsippany, 

NY) analgesia was given at the onset of the procedure and continued the following two 

days. Gonadectomized mice were allowed to recover and used in indicated experiments 

1-2 wks after surgical procedure. Uterine weight was evaluated one wk after 

ovariectomy or sham operations as a bioassay to assess quality of ovariectomy and 

reduced estrogen levels in GDX female mice [32]. 

 

Passive systemic anaphylaxis 

For IgE-induced passive systemic anaphylaxis, mice were sensitized with 10 μg 

or 5 μg in indicated experiments (i.p.) of monoclonal anti-dinitrophenyl (DNP)-specific 

IgE (SPE-7; Sigma-Aldrich, St Louis, MO). The following day, mice were challenged 

with 500 μg of DNP-HSA (dinitrophenyl-human serum albumin, Sigma-Aldrich, St. 

Louis, MO) (i.p.) or PBS and anaphylactic responses were evaluated. We performed 
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preliminary experiments to establish optimal IgE and DNP-HSA doses for anaphylaxis. 

Body temperatures were monitored over various intervals via rectal temperatures using 

a TH-5 Thermalert monitoring thermometer with a rectal probe suitable for mice 

(Physitemp, Clifton, NJ).  

 Mice were euthanized by CO2 inhalation for sample collection. Prepubertal mice 

(14 d of age) were euthanized 15 min after DNP or PBS injection and adult mice were 

euthanized 30 min after DNP or PBS injection for serum collection by cardiac puncture 

to evaluate mast cell (MC) mediator release. Basal serum was collected from 

prepubertal mice euthanized directly after removal from home cage.  Serum histamine 

and MCPT-1 levels were measured with specific ELISA kits (Oxford Biomedical 

Research, Rochester Hills, MI and Invitrogen, CA, respectively). Small intestinal 

mesentery windows were whole mounted on glass slides, fixed with Carnoy’s fixative, 

and stained with toluidine blue (0.5%, 0.5 pH) to assess MC number and degranulation 

status. Calvariums were fixed with Carnoy’s fixative and the meninges separated and 

floated onto glass slides. Meninges were dried and stained with toluidine blue (0.5%, 

0.5 pH) for 30 min to assess MC number and degranulation status. Intact and 

degranulated tissue MCs were counted under an optical microscope (Leica DM750) at 

x200 magnification in a blinded manner. Ten non-overlapping fields were counted per 

animal and the average number of MCs as well as the percent degranulated was 

calculated for each tissue and within each group.  Degranulated tissue MCs were 

defined as MCs showing release of their cellular granules.  
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Isolation of peritoneal mast cells 

Peritoneal MCs were collected from adult Long Evans rats (wt males, wt females, 

and Tfm males) by performing peritoneal lavage with 10 ml HBSS (1x) with EDTA 

(1mM) followed by a 70% Percoll gradient as previously described [33]. Purity of 

separation was confirmed to be >95% by staining with toluidine blue. Peritoneal mast 

cells were counted using trypan blue exclusion, and equal numbers of cells were lysed 

using RIPA buffer supplemented with phosphatase and protease inhibitors, followed by 

sonication (Sonic Dismembrator Model 100, Fisher Scientific, Hampton NH), for later 

histamine measurement.  

 

Derivation of primary BMMCs 

Bone marrow was harvested from the femurs of mice and cultured in complete 

medium containing RPMI 1640 with L-glutamine supplemented with heat-inactivated 

FBS (10%), MEM non-essential amino acids (1x), HEPES buffer (10 mmol/L), sodium 

pyruvate (1 mmol/L), penicillin (100 U/mL) and streptomycin (100 µg/mL), and the 

recombinant cytokines murine IL-3 (5 ng/mL, R&D Systems, Minneapolis, MN) and 

murine stem cell factor (SCF;5 ng/mL, R& D Systems, Minneapolis, MN). Non-adherent 

cells were transferred to fresh complete medium containing cytokines at least once a 

week. After 4 wks, cultures were determined to be predominantly MCs by toluidine blue 

staining (0.5%, 0.5 pH) and flow cytometric analysis (BD LSR II) by using fluorescently 

labeled c-kit (Pacific Blue) (BioLegend, San Diego, CA) and high-affinity IgE receptor 

(FcεRIa; PE) antibodies (eBioscience, San Diego, CA). Double positive cell population 

(FcεRIa+, c-kit+) percentages and geometric mean fluorescence intensity, as an 
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indication of receptor expression for FcεRI and c-kit, were averaged among BMMCs 

derived from animals within the same group and compared between groups. The 

experimental unit of analysis for BMMC experiments was defined by bone marrow 

derived from individual animals.  

 

Mast cell activation and mediator measurement 

BMMCs (2 x 106 cells/ml) were sensitized with 0.5 µg/ml mouse monoclonal anti-

DNP IgE (SPE-7, Sigma-Aldrich, St. Louis, MO) overnight and then stimulated with 

various doses of DNP-HSA (Sigma-Aldrich, St. Louis, MO) for 1 h. Supernatant was 

collected and kept at -80°C until further analysis. Additionally, unstimulated BMMCs 

were collected, lysed using RIPA buffer with protease inhibitors, sonicated, and kept at -

80°C until further analysis. Histamine levels and in cell supernatants and lysates were 

quantified using a competitive histamine ELISA (Oxford Biomedical Research, 

Rochester Hills, MI) and values were normalized.  

 

Perinatal androgenization protocol 

Virgin female mice were paired with males and mating was confirmed by the 

presence of a copulatory plug (gestational day 0.5). Pregnant female mice were injected 

daily with testosterone propionate (TP; 100 µg in 0.05 mL sesame oil (SO) s.c.) or 

vehicle (0.05 mL SO s.c.) beginning on gestational day 16.5 until parturition. TP (100 µg 

in 0.05 mL SO s.c.) or vehicle injections (0.05 mL SO s.c.) were continued in pups on 

alternate days from P1 to P7 in order to recapitulate the perinatal androgen surge and 

defeminize female mice as described [34-36]. Perinatal hormone treatment can alter 
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adult hormone profiles by influencing the hypothalamic-pituitary-gonadal axis; therefore, 

perinatally androgenized male and female mice along with their sesame-oil treated 

counterparts were gonadectomized in adulthood prior to use in experiments to remove 

this confounding effect [25]. 

 

Di-(2-ethylhexyl) phthalate perinatal exposure protocol 

Virgin female mice were paired with males and mating was confirmed by the 

presence of a copulatory plug (gestational day 0.5). Daily from gestational day 16.5 until 

the litter was 7 d of age, dams consumed a Cocoa Puff covered in corn oil containing 

either low or high doses of the anti-androgenic chemical di-(2-ethylhexyl) phthalate 

(DEHP: 200 µg/kg BW or 200 mg/kg BW; Sigma-Aldrich, St. Louis, MO) or corn oil 

alone as previously described [37]. Females were observed to ensure the entire Cocoa 

Puff was consumed. Oral DEHP exposure was chosen to mimic dietary exposure, which 

is the most common route of humans [38]. The low dose of DEHP was selected to 

mimic a high-risk environmental exposure in humans and a high dose of DEHP was 

chosen to compare to other studies using similar concentrations [38, 39]. High and low 

doses of oral DEHP have been shown to decrease testicular testosterone production 

[40, 41]. Given that the anti-androgenic action of DEHP results in interference with the 

normal cascade of androgen-dependent outcomes, anogenital distance and testis 

weight were measured to evaluate the efficacy of DEHP exposure. Mice subjected to 

DEHP exposure underwent passive systemic anaphylaxis as described above.  
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Body weight, testes weight, and anogenital distance measurement 

Body weights were measured to reflect prepubertal, pubertal, and adult time 

points. At the same timepoints, anogenital distance (AGD), as defined by the distance 

from the anus to the base of the genital tubercle, was measured in millimeters using 

digital calipers. AGD is normally twice as long in males as females and is determined by 

androgen action during early development [42, 43]. Further, AGD can be perturbed by 

early life manipulations of androgens including TP and DEHP exposure [37]. AGD was 

normalized to the cubed root of body weight to account for body size effects [42]. Paired 

testicles were collected and weighed for absolute and relative (percent of body weight) 

weight to evaluate the effect of TP or DEHP exposure.  

 

BMMC engraftment in KitW-sh/W-sh mice  

Female KitW-sh/W-sh mice were injected intraperitoneally with 1 x 107  BMMCs (4 

wks in culture; suspended in 100 uL of sterile PBS) derived from 8 wk old GDX control 

female, perinatally androgenized female, and control male mice. The same experiment 

was performed in male KitW-sh/W-sh mice with BMMCs derived from 8 wk old GDX control 

male and control female mice. Six to twelve wks after engraftment mice were subjected 

to the passive systemic anaphylaxis protocol described above. Rectal temperatures 

were monitored and mice were euthanized 30 min after DNP injection for blood 

collection by cardiac puncture for later histamine analysis. Small intestinal mesenteric 

windows and meninges were harvested, fixed in Carnoy’s fixative, and stained with 

toluidine blue to evaluate the degree of engraftment. Ten non-overlapping fields were 

counted per animal and the average number of MCs and the percent degranulated were 
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calculated for each group of animals. MCs were not present in the meninges of any 

KitW-sh/W-sh  repleted with BMMCs demonstrating a local reconstitution of MCs, as 

expected [44]. Spleens of non-repleted and repleted KitW-sh/W-sh  mice along with 

C57BL/6 WT controls were collected and weighed for analysis. 

 

Statistics 

In vivo and in vitro studies are presented as means ± SEM from a representative 

experiment with number of animals per group indicated in figure legends. Experimental 

results were repeated in a minimum of 2 independent experiments. Comparisons 

between multiple experimental groups were performed by using a One-Way or Two-

Way ANOVA with appropriate posttest noted in figure legends. Comparisons between 

two groups were analyzed using an unpaired 2-tailed t test.  All statistical analyses and 

calculations were performed with GraphPad Prism 8 software (GraphPad, La Jolla, CA). 

 

RESULTS 

Sexually dimorphic anaphylaxis responses are not dependent on adult gonadal 

hormones 

We have previously demonstrated that anaphylaxis responses are more severe 

in adult female mice in comparison to males [23]. Adult gonadal hormones are known to 

influence many sex differences in disease; therefore, we investigated whether sexually 

dimorphic responses to a well-known IgE-mediated MC degranulation model, passive 

systemic anaphylaxis (PSA), was dependent on circulating adult gonadal hormones. 

Gonadectomized (GDX) and sham-operated (SHAM) male and female mice were 



   

 

81 

sensitized with IgE directed against DNP (dintirophenyl) and challenged 24 h later with 

DNP-HSA as an antigen. Rectal temperatures were monitored over 30 min after DNP 

injection to evaluate peak hypothermic responses and as expected SHAM females had 

more severe hypothermic responses compared to SHAM males (Fig 1A). Interestingly, 

GDX females had more severe hypothermic responses compared to GDX males and no 

differences in hypothermic responses were found between SHAM and GDX females or 

SHAM and GDX males (Fig 1A). In agreement with hypothermic responses, serum 

histamine levels, which are responsible for increased vascular permeability that 

contributes to hypothermia, were higher 30 min post DNP in female mice regardless of 

circulating gonadal hormones (SHAM female vs. SHAM male: 2.28 fold, GDX female vs. 

GDX male: 2.81 fold; Fig 1B). Quantification of tissue MCs by toluidine blue staining 

showed no influence of GDX or sex on MC number (Fig 1C). PSA led to high levels of 

MC degranulation in all groups with an overall effect of GDX on MC degranulation (Fig 

1D). Potentially, removal of physiologic levels of gonadal hormones may increase the 

reactiveness of MCs to allergen, but the difference was mild. Uterine weights were 

reduced in GDX female mice indicating reduced circulating estrogen levels (Fig 1E). 

Together, these experiments revealed that sex differences in response to IgE-mediated 

anaphylaxis are not dependent on adult gonadal hormones. 

  

Sexually dimorphic anaphylaxis responses occur prior to puberty 

To further understand the mechanisms underlying sex differences in MC 

anaphylaxis responses, we next assessed whether anaphylaxis responses are different 

in males and females prior to puberty. Simply, we assessed PSA responses in 14 d old 
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C57BL/6 male and female mice well before the onset of puberty and the influence of 

adult gonadal hormones [45, 46]. PSA induced hypothermic responses in both 

prepubertal male and female mice, albeit less severe than in adult mice (Fig 2A). 

Notably, prepubertal female mice had more severe hypothermic responses compared to 

prepubertal male mice throughout 1 h of PSA (Fig 2A: 30 min - Female : Δ -1.82 °C, 

Male : Δ -0.71°C ). Correlating to hypothermia responses, prepubertal female mice had 

higher serum histamine levels 15 min post-DNP injection compared to prepubertal 

males (Fig 2B). Prepubertal female mice also had higher serum histamine levels after 

IgE-PBS treatment. IgE-PBS treated mice were removed from dams and placed in 

individual cages for 15 minutes during the experiment, which likely caused stress that 

can activate MCs, especially in females [47]. Therefore, we also evaluated serum 

histamine levels from basal animals, which were immediately sacrificed upon removal 

from home cage and found no difference in prepubertal male and female mice (Fig 2B). 

To our knowledge, PSA responses in 14 d old mice have not been evaluated and 

therefore to establish the MC contribution to anaphylactic responses at this age we 

performed PSA in 14 d old MC-deficient KitW-sh/W-sh mice.  Male and female MC-deficient 

KitW-sh/W-sh mice had low levels of serum histamine that did not increase with DNP 

injection; therefore, MCs are the main contributor to PSA responses in prepubertal mice 

(Fig 2C). Comparable numbers of MCs were present in intestinal mesenteric windows 

between prepubertal male and female mice, indicating that increased severity of 

anaphylaxis in prepubertal female mice is likely not due to increased MC presence (Fig 

2D). Additionally, a similar increase in MC degranulation was observed in prepubertal 

male and female mice (Fig 2E). Correlating to serum histamine levels, IgE-PBS treated 
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female mice had higher degranulation rates compared to basal female mice with no 

difference in prepubertal basal and IgE-PBS treated males. Generally, PSA responses 

in prepubertal mice were less severe than adult mice, which may be due to evidence 

demonstrating tissue MCs from 14 d old rodents contain less histamine than adult tissue 

MCs [48].  Additionally, DNP injection in prepubertal mice led to ~65% degranulation of 

MCs whereas PSA in adult mice leads to ~80-90% degranulation indicating effect of age 

on reactivity of MCs to allergen. Taken together, anaphylaxis is sexually dimorphic prior 

to puberty, which suggests early life mechanisms of sexual differentiation determine MC 

disease susceptibility.  

 

Prepubertal MCs exhibit sexually dimorphic IgE-mediated degranulation and 

mediator content 

Our in vivo PSA experiment demonstrated prepubertal female mice exhibited 

heightened MC-mediated hypothermia and released greater amounts of histamine. To 

further gain insight into sexually dimorphic properties of MCs prior to the influence of 

adult gonadal hormones, we cultured BMMCs from femoral bone marrow of 14 d old 

male and female C57BL/6 mice. After four wks in culture, bone marrow from prepubertal 

mice was mainly comprised of MCs based on flow cytometry and toluidine blue staining. 

Percentage of c-kit+ FcεRI+ BMMCs was similar between male and female prepubertal 

mice (Fig 3A). In addition, c-kit and FcεRI receptor expression was not different between 

BMMCs derived from prepubertal male and female mice (Fig 3B-C). However, IgE-

mediated degranulation responses were different between prepubertal male and female 

BMMCs. Following overnight sensitization with DNP-specific IgE (0.5 µg/mL), BMMCs 
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were stimulated with DNP (0, 15.5, 31, 62 ng/mL) to induce MC degranulation and 

histamine concentrations were measured in supernatant. Prepubertal female BMMCs 

had greater release of histamine at all concentrations of antigen (Fig D). Further, total 

histamine content of prepubertal female BMMCs was greater than males (Fig E).  In line 

with in vivo PSA studies, prepubertal female BMMCs exhibited exacerbated 

degranulation as measured by enhanced histamine release to IgE-FcεRI cross-linking 

compared to prepubertal male BMMCs, potentially due to increased MC granule 

histamine content in prepubertal female BMMCs. 

 

Perinatal androgen exposure reduces anaphylactic responses in male and female 

mice 

MC disease pathophysiology and MC phenotype are different in males and 

females before the onset of adult gonadal hormones, which suggests early life 

mechanisms underlie sex differences in the MC. Important early life mechanisms that 

could create sex differences are genetic contributions (XX vs XY sex chromosomes) 

and developmental exposure to hormones, specifically the perinatal androgen surge in 

males that permanently organizes tissues throughout the body. We utilized testicular 

feminization mutant rats (Tfm) that lack functional androgen receptors throughout life to 

evaluate the potential role of androgens in shaping sex differences in MC responses. 

Interestingly, peritoneal MCs from Tfm male rats had increased histamine content 

compared to WT male littermates (Fig 4A-B).  This finding directed us to further 

evaluate the perinatal androgen surge in shaping MC disease pathophysiology.  
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To recapitulate the perinatal androgen surge in female mice, we administered 

testosterone propionate prenatally to pregnant dams and postnatally to pups over the 

critical sensitive period [34-36]. To determine the effectiveness of the androgenization 

protocol, we evaluated anogenital distances (AGD), an index of the degree of androgen 

exposure [42]. As expected, perinatal TP exposure dramatically increased AGD to body 

weight ratio in female mice at prepubertal, pubertal, and adult timepoints (Fig 5A) [35]. 

Surprisingly, supraphysiologic perinatal TP exposure in males slightly decreased AGD 

to body weight ratios at prepubertal, pubertal, and adult timepoints (Fig 5B). Prenatal TP 

exposure in male rats has previously been shown to reduce AGD at PND 2 and may 

indicate a negative feedback response from excess testosterone exposure [49]. AGD is 

positively correlated to testis size in rodents and the absolute and relative weight of 

testis was decreased in male mice exposed to perinatal TP compared to control males 

(Fig 5C) [50]. Previous studies have shown an effect of early testosterone exposure on 

body weights in male and female rodents. In our study, perinatal TP exposure increased 

body weight in female mice only after puberty, similar to previous studies (Fig 5D) [51-

53]. Male exposure to perinatal TP led to slightly reduced body weights after puberty, as 

previously demonstrated (Fig 5E) [54]. Exposure to TP over the perinatal sensitive 

period was effective in partially masculinizing female mice.  

To define the role of perinatal TP exposure in MC-associated disease in vivo, we 

compared MC responses in 7-8 wk old control SO-treated male (CM), control SO-

treated female (CF), perinatally TP-treated female (AF), and perinatally TP-treated male 

(AM) mice utilizing the classic assay for MC degranulation, PSA. Prior to PSA, all mice 

were gonadectomized to remove the confounding effect of altered hormone levels due 
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to perinatal interference with the hypothalamic-pituitary-gonadal axis. Compared to CF 

mice, AF mice exhibited reduced hypothermia that was not different from CM mice (Fig 

6A: 30 min Δ temp: CM: -4.87 ± 0.45, CF: - 7.28 ± 0.48, AF: -4.8 ± 0.39 °C). Further, 

AM mice had reduced hypothermia compared to CM mice and all other groups (Fig 6A). 

Corresponding to hypothermia, serum histamine levels were significantly reduced in AF 

mice compared to CF, but not different from CM mice (CM: 768 ± 106, CF: 1406 ± 200, 

AF: 676 ± 110 ng/mL) (Fig 6B). AM mice had numerically reduced serum histamine 

levels 30 min post DNP compared to CM mice, but did not reach statistical significance. 

Interestingly, IgE-PBS treated AF mice had a trend for reduced serum histamine 

compared to IgE-PBS treated CF mice. Mast cell specific MCPT-1 levels were also 

evaluated 30 min post DNP injection. Similar to histamine responses, AF mice had 

reduced serum MCPT-1 levels compared to CF that were not different from CM mice 

(Fig 6C). MCPT-1 levels were below the limit of detection in IgE-PBS treated mice. 

Quantification of tissue MCs by toluidine blue staining of intestinal mesenteric windows 

and the meninges showed no effect of perinatal androgenization or sex on MC tissue 

distribution in adulthood (Fig 6 D,F). Further, extensive degranulation was observed in 

response to PSA in mesenteric windows and meninges with no differences between 

groups (Fig 6 E,G). Therefore, reduced anaphylactic responses in AF mice were not 

due to perinatal TP exposure influencing MC number or ability to degranulate. 

Collectively, in a well-established model of MC activation, perinatal TP exposure in 

female mice greatly reduces hypothermia and MC mediator release to the level of males 

and supraphysiologic TP exposure in males further reduces anaphylaxis severity.   
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Perinatal androgen exposure masculinizes MC phenotype and function  

To further evaluate the impact of perinatal androgenization on MC function, we 

analyzed BMMCs derived from CM, CF, and AF mice at prepubertal and adult 

timepoints. After 4-5 wks in culture, over 95% of cells from adult GDX CM, CF, and AF 

mice were MCs without any difference in expression of the MC surface markers, c-kit 

and FcεRI receptors (Fig 7 A-C). Corresponding to the in vivo PSA studies, BMMCs 

derived from adult AF mice had reduced MC degranulation after FcεRI-crosslinking 

compared to CF BMMCs as measured by histamine release at various concentrations 

of antigen (Fig 7D). Further, perinatal TP exposure reduced histamine concentrations in 

BMMCs from adult AF mice compared to CF mice. Interestingly, AF BMMCs had a 

trend of higher histamine content compared to CM BMMCs, which indicated a partial 

reversal of the sex difference from perinatal TP exposure (Fig 7E). Similar to BMMCs 

derived from adults, prepubertal BMMCs derived from CM, CF, and AF mice had 

comparable expression of the MC surface markers, c-kit and FcεRI receptors (Fig 8A-

C). Interestingly, BMMCs derived from AF before the onset of puberty also had reduced 

MC degranulation after FcεRI-crosslinking compared to CF BMMCs as measured by 

histamine release across antigen concentrations and reduced histamine content 

compared to female BMMCs (Fig 8D-E). Contrary to adult BMMCs, no differences in 

histamine content was found between CM and AF BMMCs (Fig 8E). Puberty is also a 

sensitive period for long-lasting effects of hormones and may play a role in the partial 

reversal of the masculinization of adult female BMMCs exposed to perinatal TP [55]. 

Together, prominent sex differences exist in MC phenotype and function that can be 
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reversed with exposure to perinatal testosterone in female animals and mimic in vivo 

MC-mediated anaphylaxis.   

 

MCs retain their early life programming after engraftment regardless of sex of 

animal 

We next determined the significance of MCs programming by perinatal TP 

exposure by utilizing a MC knock-in model. MC-deficient KitW-sh/W-sh mice were engrafted 

with BMMCs derived from adult GDX CM, CF, and AF mice. Toluidine blue staining of 

intestinal mesenteric windows confirmed equal engraftment rates in female KitW-sh/W-sh 

with CF, CM, and AF BMMCs (Fig 9A). No MCs were found in toluidine blue stained 

meninges (data not shown) indicating a limited engraftment. Eight to twelve wks after 

engraftment mice were subjected to PSA and anaphylactic responses were evaluated. 

Reconstituted KitW-sh/W-sh mice had hypothermic responses and greater serum histamine 

levels after DNP injection compared to those after PBS injection and non-engrafted KitW-

sh/W-sh mice (Fig 9B-C). In line with BMMC studies, female KitW-sh/W-sh mice engrafted with 

CF BMMCs had more severe hypothermic responses and serum histamine levels than 

female KitW-sh/W-sh mice engrafted with either AF BMMCs or CF BMMCs (Fig 9B-C). In 

response to PSA, histologic evaluation of mesenteric windows revealed female KitW-sh/W-

sh reconstituted with CF, CM, or AF BMMCs had similar rates of MC degranulation. 

Comparatively, male KitW-sh/W-sh mice engrafted with CF BMMCs had more severe 

hypothermic responses than those engrafted with CM BMMCs with similar BMMC 

engraftment rates (Sup Fig 1). Generally, KitW-sh/W-sh repleted mice had less severe 

anaphylactic responses compared to C57BL/6 mice likely due to limited engraftment 
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and reduced degranulation (~50-60%) percentage after DNP injection. Potentially, 

engrafted BMMCs may be more refractory to activation. Previous studies have 

demonstrated KitW-sh/W-sh mice of undisclosed sex have splenomegaly compared to WT 

mice that was not reduced 4 wks after BMMC engraftment [56, 57]. Interestingly, 

compared to WT C57BL/6 mice, we found male KitW-sh/W-sh had very mild splenomegaly 

compared to female KitW-sh/W-sh mice and both sexes exhibited reduced spleen size 8-12 

wks after MC reconstitution (Sup Fig 2). Taken together, male and female BMMCs 

retain their sexually dimorphic function when engrafted into the same sex of animal. 

Further, perinatally androgenized female BMMCs retain their reduced degranulation 

responses compared to control female BMMCs after engraftment.  

 

Perinatal exposure to di-2-ethylhexyl phthalate (DEHP), a ubiquitous 

environmental chemical with anti-androgenic properties, increases anaphylaxis 

severity in male mice 

The above experiments demonstrated perinatal TP exposure reduces 

anaphylactic responses, MC degranulation, and MC mediator content.  Additionally, 

excess testosterone during perinatal life can reduce anaphylaxis pathophysiology even 

further in male mice. Therefore, we questioned whether androgen levels can be 

manipulated during the perinatal period to influence MC-associated disease responses. 

Di-(2-ethylhexyl) phthalate (DEHP) is a pervasive environmental endocrine disrupting 

chemical that decreases testosterone production in Leydig cells and has been shown to 

reduce fetal and neonatal testosterone levels after in utero exposure [40, 58, 59]. 

Further, in utero exposure to DEHP has been linked to allergic disease and asthma [60, 
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61]. Low and high doses of DEHP decreased AGD in male mice at prepubertal, 

pubertal, and adult timepoints, indicating reduced androgen action during early 

development (Fig 10A) [37, 40]. As previously shown, the absolute and relative weight 

of testis was decreased in male mice exposed to high doses of DEHP over the perinatal 

period, further indicating decreased testosterone exposure during the masculinization 

period (Fig 10B) [62]. We then tested whether male mice with reduced testosterone 

exposure during a critical perinatal window had more severe anaphylaxis 

pathophysiology. Intriguingly, male mice exposed perinatally to low or high doses of 

DEHP had increased hypothermia responses compared to non-exposed males (Fig 

10C). Accordingly, serum histamine levels were increased in male mice exposed to 

DEHP during the perinatal period (Fig 10D). Histologic evaluation of intestinal 

mesenteric windows demonstrated no differences in MC number or MC degranulation 

after PSA between control and DEHP exposed mice (Fig 10 E-F). Similar to other 

studies, female mice exposed to DEHP had reduced AGDs after perinatal low and high 

dose DEHP exposure (Sup Fig 3) [37, 63]. However, compared to controls, DEHP-

treated females only had minor differences in hypothermia responses and no 

differences in serum histamine levels after anaphylaxis (Sup Fig 3). Together, perinatal 

DEHP exposure reduces androgen activity and leads to increased anaphylaxis 

pathophysiology in adulthood only in male mice. 

 

DISCUSSION 

Well-established sex differences exist in immune responses. Adult sex hormones 

explain some of the sex disparities in immune responses, but many sex biases in 
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immune-related disorders are evident in children prior to puberty. MCs are at the center 

of pathogenesis in many immune-related disorders that exhibit sex differences, such as 

allergy/anaphylaxis, autoimmune disease, irritable bowel syndrome, migraine, and other 

inflammatory pain disorders. Previously, we demonstrated that adult female animals 

develop greater MC-related disease pathophysiology in response to immunological and 

psychological stressors and that adult female MCs express a vastly different RNA 

transcriptome with an increased capacity to synthesize, store, and release granule-

associated MC mediators, compared to males [23]. Although MC sex differences in 

adulthood are evident, we hypothesize that early life mechanisms underlie these sex 

differences. Here, we demonstrate 1) sex differences in MCs emerge prior to puberty, 2) 

perinatal androgen exposure reduces MC-mediated disease pathophysiology, 3) 

perinatal androgens permanently program MCs throughout life, and 4) interference of 

physiologic perinatal androgen exposure by environmental chemicals worsens MC 

disease in adulthood.  

Previous studies have evaluated the contribution of sex hormones on MC 

activity. Human and rodent MCs have estrogen, progesterone, and androgen receptors 

[64-67]. Progesterone and estrogens have been shown to induce mild degranulation 

responses in cultured MCs, while testosterone had no effect on MC degranulation [64, 

65, 67, 68]. Further, estrogen has been linked to the severity of hypothermia in IgE-

mediated anaphylaxis [69]. However, we demonstrated robust sex differences to IgE-

mediated anaphylaxis without the presence of gonadal hormones from either sex and 

therefore determine that sex differences in anaphylactic responses are not reliant on 

circulating gonadal hormones. Additionally, BMMCs derived from gonadectomized male 
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and female mice exhibit sex differences similar to BMMCs from intact mice. Therefore, 

while adult gonadal hormones may influence MC activity, sex differences in MC 

responses are not dependent on the presence of circulating gonadal hormones in 

adulthood. 

The lack of evidence for activational effects of gonadal hormones in determining 

sex differences in MCs led us to evaluate MC disease in mice prior to puberty. 

Intriguingly, MC-mediated anaphylaxis was more severe in prepubertal female mice and 

further, MCs derived from prepubertal mice exhibited sex differences in activation and 

phenotype. Previous knowledge of sex differences in MCs prior to puberty is limited. 

However, MC-related genes are higher in the colon of prepubertal female mice at 

baseline conditions, which could be due to increased presence of MC or, in line with our 

findings, may be due to sex differences in MC phenotypes prior to puberty [70]. Further, 

a recent study demonstrated sexually dimorphic activation patterns of MCs in which 

male BMMCs upregulated Il33 and female BMMCs upregulated Il1b and Tnf in 

response to the same stimulus [24]. These BMMCs were derived from 3 to 6 wk old 

mice reflecting both prepubertal and pubertal timepoints [46], which suggests sexually 

dimorphic activation patterns exist regardless of puberty, similar to our study. Together, 

these new findings shift the evolution of sexually dimorphic MC responses prior to 

puberty. 

Early life mechanisms involved in sexual differentiation include the production of 

androgens from fetal/neonatal testes in males that initiate masculinization and 

defeminization of all tissues, but most notably the reproductive organs and the brain. 

The process of masculinization occurs directly before and after birth with no 
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corresponding steroidogenesis in females. Perinatal androgens, especially after 

conversion to their metabolite estrogen, have permanent organizational effects on the 

central nervous system [71]. Further, perinatal androgens increase MC number and 

activation in the brain of rodents, which has permanent effects on adult sex behavior 

[72]. Here, we questioned if MC immune responses could be permanently altered by 

early androgen exposure to reflect sex differences in MC disease susceptibility later in 

life. Results from the present study demonstrated perinatal androgen exposure in 

female mice greatly reduced MC-mediated anaphylaxis pathology in adulthood to the 

level of males. Further, the lessened severity can be attributed to the impact of perinatal 

androgens directly on the MC, as demonstrated by an analogous reduction in MC-

mediated anaphylaxis pathology in KitW-sh/W-sh mice reconstituted with BMMCs derived 

from mice exposed to perinatal androgens. 

Previous studies have demonstrated that neonatal female mice exposed to 

testosterone had reduced incidence and severity of disease in autoimmune models of 

systemic lupus erythematosus and diabetes in adulthood [73, 74]. Changes in 

susceptibility to autoimmune disease in these studies may be attributed to altered early 

life masculinization of immune cells, which has been demonstrated mainly in the 

adaptive immune system [27, 29, 75, 76]. Our study demonstrates that a critical effector 

cell of the innate immune system, the MC, is altered by early life androgen exposure, 

which leads to reduced severity of MC disease in adulthood. Interestingly, bone marrow 

mast cells are derived from pluripotent hematopoietic stem cells, suggesting early life 

androgen exposure had long-lasting effects on genome expression and thus stem cell 

development into MCs. Hematopoietic stem cells derive into a variety of other innate 
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immune cells, which begs the question if early life androgen exposure may influence 

sex differences in these cells as well.  

We discovered perinatal androgen exposure shifted female MCs towards a male 

phenotype with regards to activation and mediator content. Precisely how perinatal 

androgen exposure impacts the MC needs to be defined, but an alluring mechanism 

that may be involved is epigenetic modifications of the genome. Epigenetic marks to the 

DNA or histones can have long-lasting impacts on gene expression that influence 

function and phenotype of cells. Sex hormones bind to nuclear receptors (androgen and 

estrogen receptors) which bind to hormone response elements in the DNA and attract 

transcriptional complexes that include histone-modifying enzymes. Particularly intriguing 

is that testosterone can induce sexually dimorphic histone modifications during the 

perinatal period that have long-lasting effects on neurons [77]. Further, DNA 

methyltransferase activity in an area of the brain was found to be higher in females, but 

reversed with a masculinizing dose of estradiol (natural active metabolite of 

testosterone) during the perinatal period, suggesting DNA methylation may be impacted 

by perinatal testosterone [78]. Future exploration of MC sex differences in the 

methylome or histone modifications and the influence of perinatal androgen exposure 

on epigenetic regulation in the MC is warranted. 

Our in vivo study of MC-mediated anaphylaxis demonstrated that male mice 

exposed to supraphysiologic levels of perinatal androgens have reduced hypothermia in 

response to anaphylaxis than their male counterparts exposed to physiologic levels of 

perinatal androgens. Therefore, the concentration of androgens during the critical period 

influences MC disease responses, which led us to question whether interference of 
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physiologic levels of perinatal androgens may worsen MC disease in males. Di-(2-

ethylhexyl) phthalate (DEHP) is a pervasive environmental endocrine disruptor that 

inhibits androgen synthesis in the testes [43]. Exposure to DEHP has been shown to 

reduce testosterone levels and androgen-dependent outcomes, such as anogenital 

distance, in rodents and humans [40, 79-82]. Further, in utero phthalate exposure is 

correlated with allergic disease in humans and demonstrated in rodent models [60, 83]. 

Gestational and lactational DEHP exposure in pups reduced androgen-dependent 

outcomes in our study suggesting reduced androgen levels in response to DEHP 

exposure [80]. Intriguingly, perinatal DEHP exposure increased hypothermia responses 

and serum histamine levels during MC-mediated anaphylaxis in adult male mice. The 

increased severity of MC disease is possibly due to the decrease in physiologic 

androgen exposure in male mice at this critical time, which is bolstered by the fact that 

perinatal DEHP exposure did not increase severity of MC-mediated disease in female 

mice. Previous studies have demonstrated human and rodent mast cell lines 

degranulate in response to in vitro activation by DEHP [84, 85]. However, our studies 

suggest that in vivo early life exposure to DEHP has persistent impacts on MC 

degranulation. We demonstrated that interference of a physiological setting by an anti-

androgenic environmental contaminant during a critical hormone-sensitive period led to 

long-lasting effects on MC immune responses in a sex-specific manner. Further 

investigations would provide valuable insight into the impact of environmental endocrine 

disrupting contaminants on MC function.  

Sex is a factor that can protect from disease sometimes to a greater extent than 

offered by drugs or therapies. Discovering the sex-biasing factors that can protect from 
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disease can lead to the development of novel targets of therapy. Here, we established a 

role of perinatal androgens in reducing MC disease severity through lasting modification 

of the phenotype and functional responses of the MC. Future understanding of the 

precise mechanisms by which perinatal androgens impact the MC could unveil new 

therapeutic targets for decreasing MC disease susceptibility. Conversely, deciphering 

this mechanism may provide useful targets for enhancing immune responses when 

needed.  
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FIGURES 

 

 

 

Figure 1: Hypothermic responses are sexually dimorphic without the presence of 
adult gonadal hormones. Male and female mice were gonadectomized (GDX) or 

sham-operated (SHAM) at 12 wk of age. Mice (13-14 wk old) were sensitized with DNP-

specific IgE (10 μg i.p.) and challenged the following day with DNP-HSA (500 μg i.p.; n 

= 5-7 per group) (A) Male and female GDX mice had sexually dimorphic hypothermia 

responses that were not different from male and female sham-operated mice. Peak 

temperature change was greater in female mice regardless of group. RM Two-Way 

ANOVA with Tukey’s multiple comparisons test, Two-Way ANOVA with Sidak’s multiple 

comparisons test (peak temperature). (B) Serum histamine levels 30 min after 

anaphylaxis were greater in GDX and SHAM female mice compared to their male 

counterparts. No difference in serum histamine levels were found between GDX and 

SHAM groups within their sex. Two-Way ANOVA with Sidak’s multiple comparisons 

test. (C) GDX did not affect the number of MCs in intestinal mesenteric windows in male 

or female mice. MC number was not different between the sexes. Two-Way ANOVA 

with Sidak’s multiple comparisons test. (D) GDX had an overall effect on MC 

degranulation. Percentage of degranulated MCs after anaphylaxis was not different 

between sexes. Two-Way ANOVA with Sidak’s multiple comparisons test.  MCs were 

counted in ten randomly chosen fields (x 200 magnification) per mouse. (E) Absolute 

and relative uterine weight was decreased in GDX female compared to SHAM female 

mice. Unpaired Student’s t test. Data represent mean ± SEM. **P<0.01, ***P<0.001, 

****P<0.0001. 
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Figure 2: Prepubertal female mice exhibit more severe anaphylaxis than 
prepubertal male mice. Male and female prepubertal mice (14 d of age) were 

sensitized with DNP-specific IgE (10 μg i.p.) and challenged the following day with DNP-

HSA (500 μg i.p., n = 8-10 per sex) or PBS (n = 6-8 per sex). (A) Prepubertal male and 

female mice exhibited a decrease in body temperature in response to PSA. Prepubertal 

female mice had more severe hypothermia responses starting at 15 min and lasting for 

the remainder of the experiment. RM Two-way ANOVA with Sidak’s multiple 

comparisons test and Two-Way ANOVA with Sidak’s multiple comparisons test (peak 

temperature – 30 min). (B) PSA increased serum histamine levels in both prepubertal 

male and female mice. Prepubertal female mice exhibited higher serum histamine levels 

15 min after DNP or PBS injection compared to prepubertal males. Two-Way ANOVA 

with Sidak’s multiple comparisons test. No difference was observed in basal serum 

histamine levels between prepubertal male and female mice ; n = 4-6 per sex; Two-Way 

ANOVA with Sidak’s multiple comparisons test. (C) PSA did not increase serum 

histamine in male or female prepubertal MC-deficient KitW-sh/W-sh mice ; n = 3-5 per 

group; Two-way ANOVA with Sidak’s multiple comparisons test. (D) MC number in 

intestinal mesenteric windows was similar in prepubertal male and female mice. As 

expected, no MCs were found in toluidine blue stained intestinal mesenteric windows 

from KitW-sh/W-sh mice. MCs were counted in ten randomly chosen fields (x 200 

magnification) per mouse ; n = 12-13 per sex; unpaired Student’s t test. (E) DNP 

injection increased the percentage of degranulated MCs to a similar level in male and 

female prepubertal mice ; n = 7-8 per sex. In prepubertal female mice, IgE-PBS 

treatment increased the percentage of degranulated MCs compared to basal levels. No 

difference in degranulation was observed between the sexes in basal (n = 4 per sex) or 

IgE-PBS (n = 5-6 per sex) treated groups. Two-way ANOVA with Sidak’s multiple 

comparisons test. Data represent means ± SEM. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 3: Female BMMCs derived from prepubertal mice exhibit greater IgE-

mediated degranulation and histamine content. BMMCs were derived from femoral 

bone marrow of 14 d old male and female C57BL/6 mice, cultured for 4 wks, and 

stained with fluorescent-conjugated c-kit (Pacific Blue) and FcεRI𝛼 (PE) antibodies. (A) 
Representative images of two-color flow cytometric analysis of FcεRI𝛼 (horizontal axis) 

and c-kit (vertical axis) receptor expression from male and female prepubertal BMMCs. 

Double positive (c-kit+ FcεRI𝛼+) cell percentage was not different between BMMCs 

derived from prepubertal male and female mice. Unpaired Student’s t-test. (B) c-kit 

geometric mean fluorescence intensity (MFI) was not different between BMMCs derived 

from prepubertal male and female mice. Unpaired Student’s t-test. (C) FcεRI MFI was 

not different between BMMCs derived from prepubertal male and female mice. 

Unpaired Student’s t-test.  (D) BMMCs were sensitized with monoclonal anti-DNP IgE 

(0.5µµ/mL) overnight and later stimulated with 0, 15, 31, and 62 ng/mL of DNP-HSA for 

1 h. Prepubertal female BMMCs released greater amounts of histamine after FcεRI-

stimulus compared to prepubertal male BMMCs. Two-way ANOVA with Sidak’s multiple 

comparisons test. (E) Total histamine content was greater in BMMCs derived from 

prepubertal female mice compared to BMMCs derived from prepubertal male mice. 
Unpaired Student’s t-test.  Data represent means ± SEM of a representative experiment 

with 4 bone marrow donors per sex. *P<0.05, **P<0.01, ***P<0.0001. 
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Figure 4: Dysfunctional androgen receptor feminizes mast cell phenotype. 
(A) Representative images of isolated peritoneal mast cells (pMCs) recovered from wt 

male, Tfm male, and wt female rats and stained with toluidine blue (0.5%, pH 0.5). (B) 
The total histamine content of pMCs derived from Tfm rats was intermediate between 

male and female pMCs ; n = 9-10 rats per group; One-way ANOVA with Tukey’s 

multiple comparisons test. Data represent means ± SEM. *P<0.05, ****P<0.0001. 
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Figure 5: Perinatal androgen exposure masculinizes female mice. Pregnant female 

mice were given testosterone propionate (TP) injections (100 µg s.c. q.d.) or sesame oil 

(SO) injections from E16.5 until parturition and continued in pups P1-P7 (100 µg i.p. 

q.a.d). Mice were grouped in control SO-treated females (CF), control SO-treated males 

(CM), perinatally TP-treated females (AF), and perinatally TP-treated males (AM). (A) 
Perinatal androgen exposure increased AGD in female mice before (14 d; n = 14-16), 

during (30 d; n = 7-11), and after puberty (7 wk; n = 7-11). Two-Way ANOVA with 

Sidak’s multiple comparisons test. (B) Perinatal androgen exposure decreased AGD in 

male mice before (14 d; n = 10-17), during (30 d; n = 9-14), and after puberty (7 wk; n = 

9-14). Two-Way ANOVA with Sidak’s multiple comparisons test. (C) Excess perinatal 

androgen exposure decreased absolute and relative testes weight in adult male mice ; n 

= 5-6; unpaired Student’s t test. (D) Perinatal androgen exposure increased BW in 

postpubertal female mice compared to CF; n = 13-16 per group; Two-Way ANOVA with 

Sidak’s multiple comparisons test. (E) Excess perinatal androgen exposure decreased 

BW in postpubertal male mice compared to CM (n = 10-17 per group; Two-Way ANOVA 

with Sidak’s multiple comparisons test. Data represent means ± SEM *P <0.05, 

**P<0.01, ***P<0.001. ****P <0.0001. 
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Figure 6: Perinatal androgen exposure decreases the severity of anaphylaxis. 
Adult GDX (8 wk) male and female mice that were perinatally TP-treated or SO-treated 

were sensitized with DNP-specific IgE (10 μg i.p.) and challenged the following day with 

DNP-HSA (500 μg i.p., n = 6-9 per group) or PBS (n = 3 per sex). (A) CF mice had 

more severe hypothermia responses compared to AF mice. CM and AF mice had 

similar hypothermia responses. AM mice had reduced hypothermia compared to all 

other groups. RM two-way ANOVA with Tukey’s multiple comparisons test and One-

Way ANOVA with Tukey’s multiple comparisons test (peak temperature – 30 min). (B) 
Serum histamine levels were increased in all groups 30 min after DNP injection. 

Perinatal testosterone exposure greatly reduced histamine levels in female mice to the 

level of CM. Two-Way ANOVA with Sidak’s multiple comparisons test. (C) Serum 

MCPT-1 levels were increased in all groups 30 min after DNP injection. Serum MCPT-1 

levels were below the limit of detection in mice treated with PBS. Perinatal androgen 

exposure greatly reduced MCPT-1 levels in female mice to the level of CM. One-Way 

ANOVA with Tukey’s multiple comparisons test. (D) MC number in intestinal mesenteric 

windows was not different between groups; n = 5-7 per group; One-Way ANOVA with 

Tukey’s multiple comparisons test. (E) PSA increased MC degranulation to similar 

levels in all groups; n = 5-7 per group; Two-Way ANOVA with Sidak’s multiple 

comparisons test. (F) Meningeal MC number is similar between groups. One-Way 

ANOVA with Tukey’s multiple comparisons test. (G) PSA increased MC degranulation in 

the meninges to similar levels in all groups. Two-Way ANOVA with Sidak’s multiple 

comparisons test. Data represent means ± SEM. *P<0.05, **P<0.01, ***P<0.001. 
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Figure 7: Perinatal androgen exposure reduces MC mediator release and content 
in BMMCs derived from adult mice. BMMCs were derived from femoral bone marrow 

of 7-8 wk old gonadectomized CM, CF, and AF mice and stained with fluorescent-

conjugated c-kit (Pacific Blue) and FcεRI𝛼 (PE) antibodies. (A) Representative images 

of two-color flow cytometric analysis of FcεRI𝛼 (horizontal axis) and c-kit (vertical axis) 

receptor expression from CM, CF, and AF adult BMMCs. Double positive (c-kit+ 

FcεRI𝛼+) cell percentage was not different between BMMC groups. One-Way ANOVA 

with Tukey’s multiple comparisons test. (B) c-kit geometric mean fluorescence intensity 

(MFI) was not different between BMMCs derived from adult CM, CF, and AF mice. One-

Way ANOVA with Tukey’s multiple comparisons test. (C) FcεRI MFI was not different 

between BMMCs derived from adult CM, CF, and AF mice. One-Way ANOVA with 

Tukey’s multiple comparisons test. (D) BMMCs were sensitized with monoclonal anti-

DNP IgE (0.5µg/mL) overnight and later stimulated with 0, 15, 31, and 62 ng/mL of 

DNP-HSA for 1 h. Perinatally androgenized female BMMCs released reduced amounts 

of histamine after FcεRI-stimulus compared to control female BMMCs and had similar 

responses to control male BMMCs with the exception of 15 ng/mL DNP stimulus. Two-

Way ANOVA with Tukey’s multiple comparisons test. (E) Total histamine content was 

reduced in perinatally androgenized female BMMCs compared to control females 

BMMCs. AF BMMCs had a trend of increased histamine content compared to CM 

BMMCs. One-Way ANOVA with Tukey’s multiple comparisons test. Data represent 

means ± SEM from a representative experiment with 6 bone marrow donors per group.  

#P<0.10, *P<0.05, **P<0.01, ****P<0.0001. 
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Figure 8: Perinatal androgen exposure reduces MC mediator release and content 
in BMMCs derived from prepubertal mice. BMMCs were derived from femoral bone 

marrow of 14 d old CM, CF, and AF mice, cultured for 4 wks, and stained with 

fluorescent-conjugated c-kit (Pacific Blue) and FcεRI𝛼 (PE) antibodies. (A) 
Representative images of two-color flow cytometric analysis of FcεRI𝛼 (horizontal axis) 

and c-kit (vertical axis) receptor expression from CM, CF, and AF prepubertal BMMCs. 

Double positive (c-kit+ FcεRI𝛼+) cell percentage was not different between BMMC 

groups. One-Way ANOVA with Tukey’s multiple comparisons test. (B) c-kit geometric 

mean fluorescence intensity (MFI) was not different between BMMCs derived from 

prepubertal CM, CF, and AF mice. One-Way ANOVA with Tukey’s multiple comparisons 

test. (C) FcεRI MFI was not different between BMMCs derived from prepubertal CM, 

CF, and AF mice. One-Way ANOVA with Tukey’s multiple comparisons test. (D) 
BMMCs were sensitized with monoclonal anti-DNP IgE (0.5µg/mL) overnight and later 

stimulated with 0, 15, 31, and 62 ng/mL of DNP-HSA for 1 h. Perinatally androgenized 

female BMMCs released reduced amounts of histamine after FcεRI-stimulus compared 

to control female BMMCs and had similar responses to control male BMMCs with the 

exception of 62 ng/mL. Two-Way ANOVA with Tukey’s multiple comparisons test. (E) 
Total histamine content was reduced in perinatally androgenized female BMMCs 

compared to control female BMMCs. One-Way ANOVA with Tukey’s multiple 

comparisons test. Data represent means ± SEM from a representative experiment with 

4-5 bone marrow donors per group. #P<0.10, *P<0.05, **P<0.01, ***P<0.001, 

****P<0.0001. 
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Figure 9: KitW-sh/W-sh mice engrafted with perinatally androgenized female BMMCs 
exhibit reduced anaphylaxis disease severity. Adult female MC-deficient KitW-sh/W-sh 

mice were engrafted with BMMCs derived from adult GDX male, female, or perinatally 

androgenized female mice (i.p., 1 x 107 BMMCs). Eight to twelve wks after engraftment 

mice were exposed to PSA for 30 min. (A) Male, female, and androgenized female 

BMMCs engrafted mesenteric windows at similar rates in female KitW-sh/W-sh mice; n = 5-

6 per group; One-Way ANOVA with Tukey’s multiple comparisons test. (B) Female KitW-

sh/W-sh mice engrafted with female BMMCs had more severe hypothermic responses to 

PSA compared to male and perinatally androgenized female BMMCs. Engrafted mice 

exposed to IgE-PBS treatment had no change in temperature; n = 6-8 per group; RM 

Two-Way ANOVA with Dunnett’s multiple comparisons test and One-Way ANOVA with 

Dunnett’s multiple comparisons test (peak temperature – 30 min). (C) KitW-sh/W-sh mice 

engrafted with BMMCs had increased serum histamine levels after DNP injection 

compared to PBS injection. Female KitW-sh/W-sh mice engrafted with female BMMCs had 

greater serum histamine levels after PSA compared to female KitW-sh/W-sh mice engrafted 

with AF BMMCs and female KitW-sh/W-sh mice engrafted with CM BMMCs; n = 5-6 per 

group; Two-Way ANOVA with Sidak’s multiple comparisons test. (D) MC degranulation 

percentage was similar in all groups exposed to PSA; n = 5-6 per group; One-Way 

ANOVA with Dunnett’s multiple comparisons test. Data represent means ± SEM. 

*P<0.05, **P<0.01. 
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Figure 10: Perinatal exposure to the environmental endocrine disruptor and 

known anti-androgen, di-(2-ethylhexyl) phthalate (DEHP), increases anaphylaxis 
severity in male mice. Pregnant female mice were given corn oil (CO), 200 μg/kg 

DEHP in corn oil, or 200 mg/kg DEHP in corn oil (orally, q.d.) from E16.5 until parturition 

and continued in dams until litter was 1 wk of age. (A) Perinatal DEHP exposure 

decreased AGD in male mice before (14 d; n = 6-10), during (30 d; n = 6-8), and after 

puberty (7 wk; n = 10-16). Two-Way ANOVA with Dunnett’s multiple comparisons test. 

(B) High dose perinatal DEHP exposure reduces absolute and relative testes weight; n 

= 12-14 per group, Unpaired Student’s t test. (C) Male (8-10 wk old) perinatally DEHP-

treated or CO-treated mice were sensitized with DNP-specific IgE (5 μg i.p.) and 

challenged the following day with DNP-HSA (500 μg i.p., n = 6-8) or PBS (n = 3-4 per 

group). Male mice exposed to DEHP perinatally had more severe hypothermia 

responses compared to controls in response to PSA. RM Two-Way ANOVA with 

Dunnett’s multiple comparisons test and One-Way ANOVA with Dunnett’s multiple 

comparisons test (peak temperature – 30 min). (D) In response to IgE-DNP, male mice 

exposed to perinatal DEHP had greater serum histamine levels compared to control 

males; Two-Way ANOVA with Sidak’s multiple comparisons test. (E) Perinatal DEHP 

exposure did not change intestinal mesenteric MC number; One-Way ANOVA with 

Tukey’s multiple comparisons test. (F) PSA increased MC degranulation to similar 

levels in all groups; Two-Way ANOVA with Sidak’s multiple comparisons test. Data 

represent means ± SEM.   #P<0.10, *P<0.05, **P<0.01, ****P<0.0001. 
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CHAPTER 4 
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OVERVIEW 

There is increasing evidence that males and females differ in their immune 

responses and susceptibility to develop diseases. Here, we add to this literature by 

demonstrating profound differences in mast cell-mediated disease and inherent sex 

differences within the mast cell. Considering the fact that sex bias in susceptibility to 

infections and inflammatory disease exist in childhood, we focused on the role of early 

life mechanisms shaping the sexually dimorphic mast cell.  

In Chapter 1, we demonstrated female mice experience greater disease 

pathophysiology to IgE-mediated and stress-induced mast cell degranulation models. 

Further, female mice exhibited greater serum histamine in response to mast cell 

activation without differences in mast cell density between the sexes. Therefore, we 

evaluated whether differences existed between male and female mast cells. 

Remarkably, female mast cells exhibited greater mediator release to various stimuli that 

was not due to differences in signaling pathways, but instead due to increased storage 

of immune mediators. Moreover, a vastly different transcriptome was discovered 

between male and female mast cells that correlated with the ability of female mast cells 

to synthesize and store more granule immune mediators, compared to males. We also 

demonstrated these sex differences were independent of the estrus cycle. These data 

provide a new perspective of the impact of biological sex on mast cell disease by 

demonstrating sex differences intrinsic to the mast cell. 

In Chapter 2, we further demonstrated that sex differences in mast cell disease 

were not dependent on adult sex hormones. In fact, prior to puberty, female mice 

exhibited more severe IgE-mediated anaphylaxis compared to males and sex 
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differences exist within mast cells derived from prepubertal mice. These findings led us 

to evaluate the impact of perinatal androgen exposure on mast cell-mediated disease 

and mast cell phenotype. Perinatal exposure to androgens is an early life mechanism of 

sex development restricted to males that organizes tissues throughout the body, notably 

the sex organs and brain. Intriguingly, perinatal androgen exposure masculinized mast 

cell functional responses and phenotype as well as reduced mast cell disease severity. 

Further, perinatal androgen programming was retained in hematopoietic stem cells and 

not dependent on host sex in engraftment experiments. These findings demonstrate 

perinatal androgens have permanent organizational effects not only on sex organs and 

the brain, but also a key component of the innate immune system, the mast cell. 

Further, manipulation of perinatal androgen levels via the environmental endocrine 

disruptor and anti-androgen, DEHP, increased mast cell-mediated anaphylaxis in adult 

males.  

Together, these findings demonstrate robust sex differences in the mast cell that 

correlate with sex disparity in susceptibility of diseases in childhood and adulthood, and 

elucidate a major role of early life androgen programming in establishing sex differences 

in the mast cell.   

 

HIGHLIGHT OF NOVEL FINDINGS 

 These findings represent a paradigm shift in the understanding of sex and mast 

cell-related immune disorders with significant implications for pediatric and adult health. 

Previous studies evaluating sex differences in mast cell immune disease focus solely on 

adults and the role of adult gonadal hormones. Here, we demonstrate sex disparity in 
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mast cell-mediated disease and sex differences in the mast cell prior to puberty. 

Further, we demonstrate that perinatal androgen exposure permanently programs the 

mast cell to exhibit different functional response potentials later in life that correlate to 

the sex disparity in mast cell disease. Although the role of perinatal androgens in 

shaping sexually dimorphic development in the genitalia and the brain have been 

established, their role in creating sex differences in the immune system remained 

largely elusive. These findings provide evidence for a critical hormone sensitive period 

in immune cell development that affects functional responses later in life in a sex-

specific manner.  

 In utero phthalate exposure has been demonstrated to decrease offspring 

androgen levels in humans and rodents. Further, in utero phthalate exposure has been 

correlated with allergic disease in humans and demonstrated to influence allergic 

responses in rodent models. Here, we postulated that the decreased androgen levels 

early in life due to phthalate exposure will lead to increased IgE-mediated allergic 

disease. We demonstrated that male mice exposed to anti-androgenic DEHP during the 

perinatal period had reduced androgen-dependent outcomes and also exhibited 

increased severity to IgE-mediated anaphylaxis, while no difference in mast cell-

mediated disease was found in females exposed to DEHP perinatally. These findings 

suggest androgen levels during development are important for protecting against mast 

cell disease severity and interference of physiologic androgens by endocrine disrupting 

compounds early in life may lead to worsened allergic disease. However, future studies 

are needed to further establish this relationship and understand the precise 

mechanisms involved. 
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LIMITATIONS 

A limitation of this study is the exclusive use of rodents for experiments. 

However, both mice and rats exhibit the same sex differences in the mast cell that are 

dependent on androgens. We have also demonstrated similar sex differences in mast 

cell function in porcine models of stress. The observation of similar sex differences in 

mast cells across diverse species and the established female predominance in human 

mast cell disease suggest comparable sex differences in mast cells may be found in 

humans. However, sex differences in primary human mast cells from children and 

adults, as well as those with disorders of sex development, should be evaluated in 

future experiments. 

Another limitation is our inability to pinpoint whether testosterone (androgen 

receptor signaling) or estradiol (estrogen receptor signaling) during the perinatal period 

are programming the mast cells. We used testosterone propionate to most resemble the 

natural state of sexual differentiation in which males secrete testosterone from their 

newly developed testes during the perinatal period. However, testosterone can be 

metabolized to estrogen, which has been demonstrated to be the main hormone 

responsible for brain masculinization. The use of Tfm rats, which lack functional 

androgen receptors, demonstrate that the androgen receptor is necessary for 

masculinization of the mast cell phenotype. However, Tfm rat peritoneal mast cells did 

not exhibit a complete sex reversal suggesting estrogen signaling during the perinatal 

period may influence masculinization of the mast cell phenotype as well. Future studies 

elucidating which sex hormones and when during the critical period they act to shape 

sex differences in the mast cell are warranted. 
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FUTURE DIRECTIONS 

Other than the future directions stated above, the next area of focus should be 

the identification of mechanisms by which the perinatal androgen surge induces 

protection against mast cell-associated immune disorders by evaluating the specific 

processes occurring during androgen receptor signaling (or estrogen receptor signaling) 

that impact the phenotype of the mast cell. For instance, evaluating the impact of 

perinatal androgens on the transcriptome will be beneficial to gain a global picture of 

gene expression changes. Further, we should study how perinatal hormone signaling 

alters the epigenome of mast cells by evaluating specific histone modifications and DNA 

methylation patterns that may be crucial for regulating gene expression patterns that 

ultimately determine the phenotype of the cell. These experiments could provide new 

drug-able targets for treating mast cell-immune related diseases. 
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APPENDIX A 

 

Figure S1: Basal release of histamine and morphological appearance of female 
and males BMMCs.  
 

 

Figure S2: Cytokine mRNA expression of IgE-DNP stimulated female and male 
BMMCs.  
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Figure S3: Sex steroid receptor gene expression in female and male BMMCs.  

 

 

Figure S4: Tnf and Tph1 gene expression in female and male BMMCs.  

 

 



   

 

133 

APPENDIX B 

 
 
 
 
 
 
 
 
 
 

Figure S1: Female BMMCs retain their sexually dimorphic properties after 
engraftment in male MC-deficient mice. Adult male MC-deficient KitW-sh/W-sh mice were 

engrafted with BMMCs derived from adult GDX male or female mice (i.p., 1 x 107 

BMMCs). Eight to twelve wks after engraftment mice were exposed to PSA for 30 min. 

(A) Male KitW-sh/W-sh mice engrafted with male and female BMMCs had similar rates of 

engraftment; Unpaired Student’s t test. (B) Male KitW-sh/W-sh mice engrafted with female 

BMMCs had more severe hypothermic responses; n = 7-9 per group; RM Two-Way 

ANOVA with Sidak’s multiple comparisons test. (C) KitW-sh/W-sh engrafted with BMMCs 

had increased serum histamine levels after DNP injection compared to PBS injection. 

Male KitW-sh/W-sh engrafted BMMCs with female BMMCs had greater serum histamine 

levels compared to male KitW-sh/W-sh engrafted with male BMMCs; n = 4-6 per group; 

Two-Way ANOVA with Sidak’s multiple comparisons test. (D) PSA increased MC 

degranulation to similar levels in male KitW-sh/W-sh mice engrafted with male or female 

BMMCs; n = 6 per group; Unpaired Student’s t test. Data represent means ± SEM. 

*P<0.05. 
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Figure S2: KitW-sh/W-sh mice splenomegaly is reduced after BMMC engraftment.  
Adult female MC-deficient KitW-sh/W-sh mice were engrafted with BMMCs derived from 

adult GDX male, female, or perinatally androgenized female mice (i.p., 1 x 107 BMMCs). 

Adult male MC-deficient KitW-sh/W-sh mice were engrafted with BMMCs derived from adult 

GDX male and female mice (i.p., 1 x 107 BMMCs). Eight to twelve wks after engraftment 

spleen weights were measured and normalized to body weight. (A) Female KitW-sh/W-sh 

mice without BMMC engraftment exhibited splenomegaly compared to WT C57BL/6 

female mice that was reduced in female KitW-sh/W-sh engrafted with BMMCs; n = 5-8 per 

group; One-Way ANOVA with Dunnett’s multiple comparisons test. (B) Male KitW-sh/W-sh 

mice without BMMC engraftment exhibited splenomegaly compared to WT C57BL/6 

male mice that was reduced in male KitW-sh/W-sh engrafted with female BMMCs; n = 6-8 

per group; One-Way ANOVA with Dunnett’s multiple comparisons test. (C) Female KitW-

sh/W-sh without BMMC engraftment had greater splenomegaly compared to male KitW-sh/W-

sh without BMMC engraftment; n = 5-8 per group, Two-Way ANOVA with Sidak’s 

multiple comparisons test. Data represent means ± SEM.  *P<0.05, **P<0.01. 
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Figure S3: Perinatal exposure to DEHP does not change anaphylaxis severity in 
female mice. Pregnant female mice were given corn oil (CO), 200 µg/kg DEHP in corn 

oil, or 200 mg/kg DEHP in corn oil (orally, q.d.) from E16.5 until parturition and 

continued in dams until litter was 1 wk of age. (A) Perinatal DEHP decreased AGD in 

female mice before (14 d; n = 11-12), during (30 d; n = 8-12), and after puberty (7 wk; n 

= 9-10). Two-Way ANOVA with Dunnett’s multiple comparisons test. (B) Female (8-10 

wk old) perinatally DEHP-treated or CO-treated mice were sensitized with DNP-specific 

IgE (5 μg i.p.) and challenged the following day with DNP-HSA (500 μg i.p., n = 9-11) or 

PBS (n = 3 per group). DEHP exposure did not significantly affect hypothermia 

responses in female mice although female mice exposed to DEHP did have numerically 

greater hypothermia responses 15 min after DNP injection. RM Two-Way ANOVA with 

Dunnett’s multiple comparisons test. (C) Perinatal exposure to DEHP did not influence 

PSA-induced serum histamine levels in female mice. Two-Way ANOVA with Dunnett’s 

multiple comparisons test. (D) Perinatal DEHP exposure did not change intestinal 

mesenteric MC number. (E) or degranulation status in response to PSA. Data represent 

means ± SEM. #P<0.10, *P<0.05, ***P0.001, ****P<0.0001. 
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